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1. PROGRAMME BACKGROUND  
The Ministry of Economy, Energy and Tourism (“MoEET”) and the European Bank of 
Reconstruction and Development (“EBRD”) are working together to develop and implement 
the “Energy Efficiency and Green Economy Programme” (“Programme”) in Bulgaria. 
 
This new Programme will combine a loan component, provided by commercial banks 
(“Participating Banks (“PBs”)) based on a credit line extended by EBRD, and a grant 
component (EU Structural Funds), provided by the Ministry from the Operational Program 
“Development of the Competitiveness of the Bulgarian Economy” (“OP Competitiveness”). 
A third component, the Technical Assistance (“TA”) component will provide implementation 
support. 
 
Based on the policy objectives of the OP Competitiveness, the Programme aims to: 
 

‐ Improve the efficiency and productivity of environmentally friendly technology used 
by Small and Medium Enterprises (“SMEs”); 

‐ Reduce the energy intensity and any adverse environmental impacts by promoting 
investments in environmentally friendly, low-waste, energy saving production 
technologies and utilization of renewable energy sources. 

 
By combing grants, loans and Technical Assistance (“TA”) in one instrument, this new 
program overcomes barriers and constraints faced by Bulgarian in designing, implementing 
and financing sustainable energy projects.  
 
SMEs can submit both Energy Efficiency Projects and Renewable Energy Projects to the 
Programme. Depending on the project’s scale and complexity, two main sub-types of 
projects are eligible: 
 

- Technology-Driven Projects; 
Are projects using small-scale and simple measures, using technology and 
equipment as defined in the List of Eligible Materials and Equipment (“LEME”); 

- Energy Audit-Driven Projects; 
Such projects are larger and more complex, and are based on the results of an 
energy audit, which must be performed by a Certified Energy Audit company. 

 
The TA is provided by two consultants, the Project Assistant (“PA”) and the Verification 
Assistant (“VA”). 
 



Programme “Energy Efficiency and Green Economy” (BEECIFF) 
Energy Efficiency and Energy Management Handbook 

 

 8

The PA will assess the technical eligibility of project applications, the compliance with 
applicable procurement regulations, will provide information and counselling to potential 
applicants and will administer the program’s database and website.  
 
The VA will check and verify the successful implementation of all projects to be presented 
in Interim Validation Reports and Completion Validation Reports and will also maintain the 
List of Eligible Materials and Equipment.  
 
A graphic summary of the program is presented below: 
 

 

The purpose of this Energy Efficiency and Energy Management Handbook is to stimulate 
thinking about the ways energy efficiency-enhancing measures could be implemented in 
(industrial) enterprises and to help put these measures in place. The handbook includes 
the most typical energy saving measures in the different branches of the Bulgarian industry 
and the building sector. 

The materials in the various chapters of the handbook are divided into two parts - 
measures to improve energy efficiency and different aspects of industrial energy 
management.  
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2. TYPES OF ENERGY 

2.1. Different Forms of Energy 

Everyday in our life we are using energy. Energy is helping us to move from one town to 
another. Energy is giving us light. Energy is heating our houses. But what is Energy? 

Energy occurs in different forms. Energy neither be "created" nor "destroyed". It is only 
converted by us from one form to another so that it is convenient to use. The origin of all 
forms of energy can be traced back to the solar energy received by the earth, either now or 
in the past. 

However, the different forms of energy are classified into four categories: primary, 
secondary, final and useful energy for our convenience (Fig. 1). 

 
Fig. 1. Different forms of energy [1].  

Primary energy is in the same form it occure in nature. Solar energy, wind energy, hydro 
potential, biomass, crude oil, coal and nuclear energy are examples of primary energy. 

Secondary energy is when a primary form is converted into a more useful form. Foe 
example, electricity is a secondary fprm of energy, since a primary form of energy is 
converted in a power plant to produce electricity. Charcoal and products of oil refining such 
as gasoline and kerosene are other examples of secondary energy. 

Final energy is what is input to a conversion device at the point of end-use. Electricity 
produced at a power plant has to be transmitted, where some electricity would be lost as 
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heating losses, and that electricity (final energy) is provided to a motor to drive the 
equipment ina foctory. 

Useful energy is waht actually does useful work. There are energy losses in the motor, 
which appear as heat and noise, and the amount of energy that actually goes into the 
driven equipment is less than what is input to the motor. 

Renewable and Non-renewable Energy 
Any form of energy that can be used without depletion, is considered renewables. The sun 
will replenish the resource immediately (solar photovoltaics) or in the next season (water 
drawn from a hydropower reservoir) or within at most a few years (growing biomass for 
energy needs). Biomass has been used by man since early ages, to obtain heat. 
Hydropower has been used for direct motive power (for example to drive timber mills) as 
well as for electricity generation. Direct solar energy use, for heating or for electricity 
generation is renewable. Geothermal energy (using the heat beneath the surface of the 
earth) is also considered to be renewable. 

All fossil fuels (oil, coal and their derivatives, as well as gas) are non-renewable. These 
resources are finite, and they deplete fast causing price increses and fears of supply 
limitations. All countries and individual users, particularly large industries, are striving hard 
to maintain a balance between the use of fossil and renewable energy. 
 

2.2. Energy and Sustainability 

What do we mean by "energy"? Today, the standart scientific definition is that energy is the 
capacity to do work, that is, the rate at which energy is converted from one form to another, 
or transmitted from one place to another. 

The main unit of measuring of energy is the joul (J) and the main unit of measurment of 
power is the watt (W), which is defined as a rate of one joul per second. 

The term “sustainability” entered into common currency relatively recently, following the 
publication of the report Our Common Future by the United Nations’ Brundtland 
Commission in 1987. The commission defined sustainability, and in particular 
sustainable development, as “development that meets the needs of the present 
without compromising the ability of future generations to meet their own needs”. 
(United Nations, 1987). 

In the context of energy, sustainability has come to mean the harnessing of those energy 
sources: 

 that are not substantially depleted by continued use; 
 the use of which does not entail the emission of pollutants or othet hazards to the 

environment on a substantial scale; and 
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 the use of which does not involve the perpetuation of sustainable health hazards or 
social injustices. 

2.3. Is your Business “Energy Intensive”? 

Depending on the share of the Company's total expenses spent on energy, we can broadly 
classify any manufacturing business operation to be (a) highly intensive, or (b) moderately 
energy intensive. There is no hard and fast rule for this classification, but if any company 
uses more than 10% of its recurrent costs on energy, it is generally classified as an energy 
intensive business. 

Some commercial buildings (such as luxury hotels) and certain manufacturing operations 
(such as cement production) use as much as 50% of their total expences on energy. We 
classify them as highly energy intensive businesses. A company in the transport business 
would most likely be highly energy intensive, with more than 50% expenses being on fuel. 

Moderately energy intensive industries, ceramic and glass industry, and resort hotels and 
commercial buildings may spend between 30 - 50% of their expences on energy. Other 
manufacturing industries such as textile and garments may be in the less energy intensive 
category. 

How energy intensive is your business? The calculation is straightforward: 

year a in cost recurrent Total
year ainenergy ofcostTotal =intensity Energy  

Example: The table below shows the cost of production per tonne, in a small factory. 
Calculate the energy intensity of this manufacturing industry. 

Table 1. Cost of Production per tonne 
Cost item Cost (€/t) 

Direct materials 42,117.34 
Water 55.78 
Steam (i.e. Oil) 2,263.87 
Electricity 8,172.37 
Other expenses 17.82 
Labour 3,159.18 
Repair and maintenance 1,719.34 
Overheads 8,171.34 
Depreciation 665.63 
Adjustments for unfinished stocks -3,350.04 
Total Cost of Production 62,993.20 
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Total cost of Energy = 2,263.87 + 8,172.37 = 10,436.24 €/t 

16.6%
62,993.20
10,436.24 intensity Energy   

Therefore, this is an energy intensive industry, but moderately. So, calculate the energy 
intensity of your business or the manufacturing operation. You may even compare the 
intensity of your business with that of your competitors. 
 

2.4. The efficient and inefficient use of energy 

Energy efficiency (and conversely, inefficiency) in installations can be considered in two 
ways, which can be identified as [1]: 

1. The output returned for the energy input. This can never be 100% because of the 
laws of thermodynamics. Thermodynamic irreversibilities are the basis of 
inefficiencies, and include transferring energy by conduction, conversion or radiation 
(thermal irreversibilities). For example, heat transfer does not occur just in the 
desired direction, i.e. to the process, but also out through reactor or furnace walls, 
etc. however, the losses can be reduced by various techniques, e.g/ the reduction of 
radiant heat losses from combustion processes. 

2. The careful (or effective) use of energy, as and when it is required in the optimum 
quantities. Inefficiency (or ineffective use) results from the poor matching of energy 
supply and demand, including poor design, operation and maintenance; running 
equipment when not needed, such as lighting; running processes at a higher 
temperature than necessary; lack of an appropriate storage of energy, etc. 

2.2.1. Conversion efficiency 
The key word used in energy conversion is “Efficiency”. When energy is converted from its 
Primary form to the Useful form, losses occur all the way.  The supplier and the user have 
control over these conversion processe and can therefore make an effort to improve 
efficiency and resource losses. 

The conversion efficiency, often simply called efficiency, of any energy conversion system 
is defined as the useful energy output divided by the total energy input. In practice it is 
very common to express this as a percentage of the input: 

100% x 
inputEnergy 

outputEnergy   Efficiency   

Example: What is the efficiency, for example, of a complete coal-to-light conversion 
process?  
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We will consider the fate of 1 tonne of coal: 28 GJ (gigajouls) of primary energy in the 
ground. 

If 2.5% of this energy is used in mining and transporting the coal, the energy entering the 
power station is only 97.5% of this: 

Energy entering power station = 0.975 x 28 = 27.3 GJ 

If we take the fuel-to-electricity efficiency of a modern coal-fired power station (commonly 
referred to as the thermal efficiency) to be 35%: 

Electrical energy leaving the power station = 0.35 x 27.3 = 9.56 GJ 

On average, about 7.5% of this will be lost as heat in transmission in the wires and 
transformers or the way to the user, who receives only 92.5%, so 

Delivered electrical energy = 0.925 x 9.56 = 8.84 GJ 

But an incandescent light bulb turns only 5% of this into light, so 

Useful light output = 0.05 x 8.84 - 0.44 GJ 

Thus an input of 28 GJ of primary energy produces an output of 0.44 GJ of useful light 
energy: 

1.6%100% x 
28

0.44  efficiencyenergy  Overal   

2.2.2. Energy efficiency indicators 
Energy efficiency is defined in the so-called Energy-using Products Directive 2005/32/EC 
[2] as: “a ratio between an output of performance, service, goods or energy, and an input of 
energy”. 

This is the amount of energy consumed per unit of product/output, referred to as the 
specific energy consumption (SEC), and is the definition most commonly used by industry. 
In the simplest case, the production unit will produce one main product. In its simplest 
form, the SEC can be defined as: 

produced outputs or products

exported)energy  - imported(energy 
  

produced products

usedenergy 
  SEC   

SEC is a number with dimensions (GJ/tonne) and can be used for units producing products 
which are measured in mass units. For energy-generating industry (electric power 
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generation, waste incineration) it may be more sensible to define an energy efficiency 
factor defined as equil to energy produced (GJ)/energy imported (GJ). SECs can be 
expressed as other ratios, such as energy/m2 (e.g. in coil coating, car production, etc.). 

The term energy intensity factor (EIF) is also used. Not that economists usually understand 
the EIF to be ratio of the energy used to a financial value, such as business turnover, value 
added, GDP, etc. e.g.: 

 

However, as the cost of output usually rises over time, the EIF can decrease without any 
increase in physical energy efficiency. The term should therefore be avoided in assesing 
the physical energy efficiency of an installation [3]. 

In many cases the situation may be more complex, such as where there may be multiple 
products and the product mix varies with the time, or where the output is a service e.g. 
waste management facilities. In such cases, the SEC can be defined as: 

 

2.2.3. Improvement of energy efficiency 
The EuP Directive [4] defines energy efficiency improvement as an increase in energy end-
use efficiency as a result of technological, behavioral and/or economic changes. The 
efficiency improvement can therefore be expressed as [5]: 

 obtaining an unchanged output value at a reduced energy consumption level, or 
 obtaining an increased output value with unchanged energy consumption, or 
 obtaining an output value that, in relative terms, surpasses the increase in energy 

consumption. 

The main purpose of the energy efficiency indicators is to be able to monitor the progress 
of the energy efficiency of a given production unit and a given production rate over time 
and to see the impact of energy efficiency improvement measures and projects on the 
energy performance of the production process/unit. 

The SEC shows how much energy is used for a given output but one single value is of 
limited use without other reference data. 

The energy efficiency index (EEI) can be used to show the change in the given time period 
and is more useful in monitoring the energy efficiency of a system, process or installation. 
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This is defined by dividing a reference SEC (SECref) by the SEC of the unit or process 
being considered. SECref may either be a reference number which is generally accepted by 
the industry sector to which the production process belongs, or it may be the SEC of the 
production process at a given reference year: 

SEC

SEC
EEI ref  

The EEI is a dimensionless number. 

Note: 
 SEC is a number that decreases with increasing energy efficiency whereas EEI is a 

number that increases. Energy management therefore targets the lowest possible 
SEC and the higher possible EEI. 

 Identifying the real energy efficiency in the indicator may rewuire correction of the 
energy factors. 
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3. Energy Management 

3.1. Principles of energy management 

If energy productivity is an important opportunity for the nation as a whole, it is a necessity 
for the individual company. It represents a real chance for creative management to reduce 
that component of product cost.  

Four main principles underlie in the basis of a well-organized program for energy 
management: 

The first of these is to control the costs of the energy function or service provided, 
but not the MWh of energy. 

In addition to energy costs, it is useful to measure the depreciation, maintenance, labor, 
and other operating costs involved in providing the conversion equipment necessary to 
deliver required services. These costs add as much as 50% to the fuel cost. For example - 
if we can lower the temperature level of a thermal process, along with reducing heat loss 
will eventually be possible using other sources of heat, and from there to other parts 
energy conversion elements. In turn, they may require less maintenance and repair. Thus, 
by managing the quality of the heat achieves a multiplier effect. 

The second principle of energy management is to control energy functions as a product 
cost, not as a part of manufacturing or general overhead.  

It is surprising how many companies still lump all energy costs into one general or 
manufacturing overhead account without identifying those products with the highest energy 
function cost. In most cases, energy functions must become part of the standard cost 
system so that each function can be assessed as to its specific impact on the product cost. 

The minimum theoretical energy expenditure to produce a given product can usually be 
determined en route to establishing a standard energy cost for that product.  

As in all production cost functions, the minimum standard is often difficult to meet, but it 
can serve as an indicator of the size of the opportunity. 

In comparing actual values with minimum values, four possible approaches can be taken to 
reduce the variance, usually in this order: 

1. An hourly or daily control system can be installed to keep the function cost at the 
desired level. 

2. Fuel requirements can be switched to a cheaper and more available form. 
3. A change can be made to the process methodology to reduce the need for the 

function. 
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4. New equipment can be installed to reduce the cost of the function. 

The starting point for reducing costs should be in achieving the minimum cost possible with 
the present equipment and processes. Installing management control systems can indicate 
what the lowest possible energy use is in a well-controlled situation. It is only at that point 
when a change in process or equipment configuration should be considered. An equipment 
change prior to actually minimizing the expenditure under the present system may lead to 
oversizing new equipment or replacing equipment for unnecessary functions. 

The third principle is to control and meter only the main energy functions - the roughly 
20% that make up 80% of the costs (so called Pareto's Principle).  

It is important to focus controls on those that represent the meaningful costs and aggregate 
the remaining items in a general category. Many manufacturing plants in the United States 
have only one meter, that leading from the gas main or electric main into the plant from the 
outside source. Regardless of the reasonableness of the standard cost established, the 
inability to measure actual consumption against that standard will render such a system 
useless. Submetering the main functions can provide the information not only to measure 
but to control costs in a short time interval. The cost of metering and submetering is usually 
incidental to the potential for realizing significant cost improvements in the main energy 
functions of a production system. 

The fourth principle is to put the major effort of an energy management program into 
installing controls and achieving results.  

It is common to find general knowledge about how large amounts of energy could be saved 
in a plant. The missing ingredient is the discipline necessary to achieve these potential 
savings. Each step in saving energy needs to be monitored frequently enough by the 
manager or first-line supervisor to see noticeable changes. Logging of important fuel usage 
or behavioral observations are almost always necessary before any particular savings 
results can be realized. Therefore, it is critical that an energy director or committee have 
the authority from the chief executive to install controls, not just advise line management. 
Those energy managers who have achieved the largest cost reductions actually install 
systems and controls; they do not just provide good advice. 

3.2. Energy Service Companies (ESCOs) 
3.2.1. Function of ESCOs in Energy Efficiency Improvement 

Energy efficiency improvement potential exists in almost every sub area of the energy 
sector of Bulgaria. However actual investments on energy efficiency enhancement 
projects, new or retrofits, are found to be only a small fraction of investment opportunities 
with economic potential that are identified. The main barrier that hinders these investments 
is the non-availability of proper guidelines and consistent procedures for the implementers 
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such as ESCOs to quantify the resulting energy savings of these projects. Measurement 
and Verification (M & V) protocols provide the necessary framework for such procedures 
and thus the methods for determining the resulting savings form energy efficiency 
enhancement projects. 

These M & V protocols will lead to more consistent and reliable estimates of energy 
savings which in turn will enhance the the confidence of the lenders. In this regard, 
International Performance Measurement and Verification Protocol (IPMVP) is available to 
verify these savings independently. This minimizes risks involved in project implementation 
and more specifically allocates the risks to the parties responsible. All countries have to 
adapt the protocol to suit local conditions. This adapted IPMVP protocol broadly defines 
techniques to determine savings for the total facility or the individual technology that has 
been used and encompasses commercial and industrial facilities targeting a broad 
audience such as ESCOs, Energy Managers, Project developers, Financial Institutions, 
Government agencies, End users, etc. 

An ESCO will be able to provide a range of services when a clent institute(an institute in 
search of service provider for energy management) contacts an ESCO: 

 Perform a preliminary survey and forward a report identifying areas for further study. 

 Perform a through study and forward aa project proposal 
 Serves as project sponsor and interact with Sustainable Guarantee facility (SGF), 

and arrange financial support for energy efficiency (EE) projects. 
 Act as service provider/developer who design and implement EE projects 

Many ESCOs do not have the expertise in all areas, but in a few. However, there are some 
ESCOs having the expertise to provide energy savings/management services in all the 
areas. 

In terms of the protocol, the implementer will start with a proper M & V plan. The M & V 
plan can use defferent approaches by considering a boundary line for energy use. Based 
on the boundary line, the approach will either fall in to "Retrofit Isolation" or "Whole Facility" 
method. They are further classified as follows: 

3.2.2. Retrofit Isolation Method 

Option A - Partially measured or one time measurement 
The related savings are estimated by making partial field measurements in the form of spot 
or continuous measurements (short duration) on some of the parameters with reference to 
the energy conservation measure (ECM) that has been implemented. It is assumed that 
these partial measurements would fairly reflect the actual picture. Motor efficiency 
upgrades, lighting retrofits are typical candidates. 
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Option B - Longer or continuous measurement 
Savings are determined by taking measurement on the sub-system comprising the ECM 
implemented, separate from rest of the system. Short-term or continuous measurements 
are taken throughout the post retrofit period. Application of variable speed drives retrofit is 
typical candidate. 

3.2.3. Whole Facility Method 

Option C - Whole facility energy analysis 
Whole facility energy analysis is carried out by measurements to determine the savings of 
ECMs. Continuous observation of total energy use over the post retrofit period is made. 
Energy use is measured by meters, sub-meters and energy bills. Base year energy use is 
determined from energy bills. A multi tasked energy management program is typical case. 

Option D - Computer Simulations 
Detailed computer simulations are carried out to determine the energy savings of the whole 
facility resulting from ECMs. Extensive observations on the whole facility are replaced by 
simulations bu accurate calibration of the model has to be done to ensure the accuracy of 
the simulated results. Energy use is measured by meters, sub-meters and energy bills. 
Base year energy consumption is determined by calibrated simulations. This option permits 
in addition to identify the savings of each ECM as opposed to option C. A multi tasked 
energy management program is a typical case. 

Unlike other management tools that have come and gone, such as value analysis and 
quality circles, the need to manage energy will be permanent within our society. There are 
several reasons for this: 

 There is a direct economic return. Most opportunities found in an energy survey 
have less than a two year payback. Some are immediate, such as load shifting or 
going to a new electric rate schedule. 

 Most manufacturing companies are looking for a competitive edge. A reduction in 
energy costs to manufacture the product can be immediate and permanent. In 
addition, products that use energy, such as motor driven machinery, are being 
evaluated to make them more energy efficient, and therefore more marketable. 
Many foreign countries where energy is more critical, now want to know the 
maximum power required to operate a piece of equipment. 

 Energy technology is changing so rapidly that state-of-the-art techniques have a half 
life of ten years at the most. Someone in the organization must be in a position to 
constantly evaluate and update this technology. 

 Energy security is a part of energy management. Without a contingency plan for 
temporary shortages or outages, and a strategic plan for long range plans, 
organizations run a risk of major problems without immediate solutions. 
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 Future price shocks will occur. When world energy markets swing wildly with only a 
five percent decrease in supply, as they did in 1979, it is reasonable to expect that 
such occurrences will happen again. 

Those people then who choose - or in many cases are drafted - to manage energy will do 
well to recognize this continuing need, and exert the extra effort to become skilled in this 
emerging and dynamic profession.  

The purpose of this chapter is to provide the fundamentals of an energy management 
program that can be, and have been, adapted to organizations large and small. Developing 
a working organizational structure may be the most important thing an energy manager 
can do. 
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4. Energy auditing 

4.1. Audit initiation 

The energy audit is one of the first tasks to be performed in the accomplishment of an 
effective energy cost control program. An energy audit consists of a detailed examination 
of how a facility uses energy, what the facility pays for that energy, and finally, a 
recommended program for changes in operating practices or energy-consuming equipment 
that will cost-effectively save money on energy bills.  

The energy audit is sometimes called an energy survey or an energy analysis, so that it is 
not hampered with the negative connotation of an audit in the sense of an IRS audit. The 
energy audit is a positive experience with significant benefits to the business or individual, 
and the term “audit” should be avoided if it clearly produces a negative image in the mind 
of a particular business or individual. 

Planning should be conducted prior to the actual audits. The planning should include types 
of audits to be performed, team makeup, and dates. 

By making the audits specific rather than general in nature, much more energy can be 
saved. Examples of some types of audits that might be considered are: 

 Tuning-Operation-Maintenance (TOM) 
 Compressed air 
 Motors 

 Lighting 
 Steam system 
 Water 

 Controls 
 HVAC 

 Employee suggestions 

By defining individual audits in this manner, it is easy to identify the proper team for the 
audit. Don’t neglect to bring in outside people such as electric utility and natural gas 
representatives to be team members. Scheduling the audits, then, can contribute to the 
events that will keep the program active. 

With the maturing of performance contracting, energy managers have two choices for the 
energy audit process. They may go through the contracting process to select and define 
the work of a performance contractor, or they can set up their own team and conduct 
audits, or in some cases such as a corporate energy manager, performance contracting 
may be selected for one facility, and energy auditing for another. Each has advantages and 
disadvantages. 
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Obtaining insight through an energy audit usually precedes the establishment of an energy 
efficiency program. Indeed, it is the key step that determines the current situation and the 
base on which energy efficiency improvements will be built. However, an energy audit can 
also be performed at any time during the program’s life to verify results or uncover other 
energy efficiency opportunities. 

As with any other type of audit, the activity can be defined as follows: a systematic, 
documented verification process of objectively obtaining and evaluating audit evidence, in 
conformance with audit criteria and followed by communication of results to the client. 

Naturally, in a general energy audit the focus and the techniques used are intended to get 
the picture of energy balance in a facility – the inputs, uses and losses. More focused and 
detailed audits (diagnostic audits) may be carried out to verify the conclusions of a general 
audit or to get a detailed analysis of energy use and losses in a specific process or facility. 

The general energy audit comprises four main stages: 
 Initiating the audit 
 Preparing the audit 
 Executing the audit 

 Reporting the audit results 

These four steps have several sub-steps with associated activities and are shown in a 
graphical representation on Figure 2. 

The steps shown on the diagram apply to a formal energy audit in a large, complex facility. 
The applicability is the same whether an organization is performing the energy audit with 
in-house resources or whether an outside consultant has been hired to do the audit. The 
audit structure has been designed as a step-by-step, practical guide that can be easily 
followed, even by those who have not previously been exposed to energy auditing. 

For smaller organizations with limited resources, an experienced manager can take 
shortcuts through this audit outline and modify it, simplifying the process, to fit his/her 
particular circumstances. 

Outside auditors working in unfamiliar circumstances investigate the operation with 
engineering, production and maintenance staff who are familiar with the facility. They 
usualy use one of the following two methods to prioritize facilities for energy audits:  

a) Priority according to energy consumption. This method seems most likely to focus 
on problem areas but is inadequate for operations in which several locations have similar 
energy consumption profiles or in which process use of energy inflates consumption in 
particular areas. 
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b) Priority according to energy consumption per unit floor area. This method works well 
for operations in which facilities of various sizes and types consume energy at similar 
rates; however, it does not differentiate peak-period energy use from off-peak use, and it 
treats one-, two- and three-shift operations alike. 

 

Fig. 2. Energy audit step-by-step 



Programme “Energy Efficiency and Green Economy” (BEECIFF) 
Energy Efficiency and Energy Management Handbook 

 

 24

4.2. Audit preparation 

4.2.1. Gathering data and information 
The audit process starts by collecting information about a facility’s operation and about its 
past record of utility bills. This data is then analyzed to get a picture of how the facility uses 
- and possibly wastes - energy, as well as to help the auditor learn what areas to examine 
to reduce energy costs. Specific changes - called Energy Conservation Opportunities 
(ECO’s) - are identified and evaluated to determine their benefits and their cost-
effectiveness. 
These ECO’s are assessed in terms of their costs and benefits, and an economic 
comparison is made to rank the various ECO’s. Finally, an Action Plan is created where 
certain ECO’s are selected for implementation, and the actual process of saving energy 
and saving money begins. 

A familiarization visit to the facility before proceeding with other audit preparations serves 
several purposes: personal contacts and lines of communication are established; a clearer 
picture of the facility and the scope emerges; issues may be clarified; resources may be 
identified and secured; and adjustments to the planned audit scope, date and duration may 
be made. 
The auditee is a valuable source of criticism for the audit program. The insights gained can 
greatly improve the audit process and help to produce better-quality results. Also, pre-audit 
questionnaires/checklists may be administered during the pre-audit visit. This will help to 
minimize the time spent at the site during the actual energy audit and maximize the 
auditor’s productivity.On-site time is costly for both the auditor and the operation being 
audited. 

With the auditee’s concurrence, schedule the audit at the time when: 
 it is convenient for their operations (e.g. avoid scheduling when staff is away on 

courses, vacations, during shutdowns and overhauls, etc.); and 
 conditions represent typical operational regime and conclusions drawn can 

reasonably be extrapolated for an entire year. 

The collection of historical data is a critical phase of an energy audit. The reliability of the 
data is crucial; it directly affects the quality of calculations and of the decisions based on 
results. Auditors should choose data from the following sources: 

 utility bills; 

 production records; 
 architectural and engineering plans of the plant and its equipment; 
 Environment Bulgarian weather records; and 

 locally generated company energy consumption records. 
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The audit team would require utility invoices for all energy sources – electricity, natural gas, 
fuel oil and water – for at least 12 months, preferably ending at the audit period. To be a 
reliable baseline from which future energy consumption is to be monitored, the data must 
represent the facility’s current operations. 

Production records are required to account for variations in the data gathered from utility 
bills (e.g. annual shutdowns will show up as reductions in energy consumption lasting one 
or two weeks). Plans and drawings familiarize the auditors with the facility and help them 
locate critical energy-using equipment. 

Plans are also useful for: 
 calculating floor, wall and window areas; 
 identifying building envelope components, such as thermal insulation; 

 locating, routing and identifying the capacity of building services; and 
 locating utility meters (present and planned). 

Equipment capacity data, available from the data plate, are needed to calculate the energy 
consumption of equipment for which specific meter data are not available. To calculate the 
energy consumed by a piece of equipment from data plate information, the correct load 
factor must be determined. The load factor is a fraction of the rated full-load energy 
consumption that the equipment actually uses. 

Weather data (monthly or daily degree-days) are required when the audit examines 
systems that are influenced by ambient temperatures, such as building heating or cooling 
equipment. Records kept by building and process operators are useful for explaining short-
term process variations, such as steam flows to batch processes. 

By finding the facility’s energy balance, the auditor can see where energy is consumed 
most and can identify areas to examine closely during subsequent phases of the audit. To 
obtain the energy balance, follow the plant’s energy use as it disintegrates into its 
constituent components; the results are best illustrated by a pie chart or a bar graph. 

4.2.2. The Auditor’s Toolbox 
To obtain the best information for a successful energy cost control program, the auditor 
must make some measurements during the audit visit. The amount of equipment needed 
depends on the type of energy-consuming equipment used at the facility, and on the range 
of potential ECO’s that might be considered. For example, if waste heat recovery is being 
considered, then the auditor must take substantial temperature measurement data from 
potential heat sources.  

Tools commonly needed for energy audits are listed below: 
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Tape Measures 
The most basic measuring device needed is the tape measure. A 25-meter tape measure 
and a 100-meter tape measure are used to check the dimensions of walls, ceilings, 
windows and distances between pieces of equipment for purposes such as determining the 
length of a pipe for transferring waste heat from one piece of equipment to the other. 

Lightmeter 
One simple and useful instrument is the lightmeter which is used to measure illumination 
levels in facilities. A lightmeter that reads in footcandles allows direct analysis of lighting 
systems and comparison with recommended light levels. A small lightmeter that is portable 
and can fit into a pocket is the most useful. Many areas in buildings and plants are still 
significantly overlighted, and measuring this excess illumination then allows the auditor to 
recommend a reduction in lighting levels through lamp removal programs or by replacing 
inefficient lamps with high efficiency lamps that may not supply the same amount of 
illumination as the old inefficient lamps. 

Thermometers 
Several thermometers are generally needed to measure temperatures in offices and other 
worker areas, and to measure the temperature of operating equipment. Knowing process 
temperatures allows the auditor to determine process equipment efficiencies, and also to 
identify waste heat sources for potential heat recovery programs. Inexpensive electronic 
thermometers with interchangeable probes are now available to measure temperatures in 
both these areas. Some common types include an immersion probe, a surface temperature 
probe, and a radiation shielded probe for measuring true air temperature.  

 

Fig. 3. Infrared thermometers (radiation pyrometers) for remote measuring of surface 
temperature. Determine the temperature based on energy emitted by the body. 

Other types of infra-red thermometers and thermographic equipment are also available. An 
infrared “gun” is valuable for measuring temperatures of steam lines that are not readily 
reached without a ladder. 
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Fig. 4. Infrared cameras for remote sensing and measuring of surface temperature field. 
Applied for determining the irregular temperature fields in surfaces of objects (buildings, 

furnaces, machinery, etc.) 

Voltmeter 
An inexpensive voltmeter is useful for determining operating voltages on electrical 
equipment, and especially useful when the nameplate has worn off of a piece of equipment 
or is otherwise unreadable or missing. The most versatile instrument is a combined volt-
ohm-ammeter with a clamp-on feature for measuring currents in conductors that are easily 
accessible. This type of multimeter is convenient and relatively inexpensive. 

Wattmeter/Power Factor Meter 
A portable hand-held wattmeter and power factor meter is very handy for determining the 
power consumption and power factor of individual motors and other inductive devices. This 
meter typically has a clamp-on feature which allows an easy connection to the current-
carrying conductor, and has probes for voltage connections. 

Combustion Analyzer 
Combustion analyzers are portable devices capable of estimating the combustion 
efficiency of furnaces, boilers, or other fossil fuel burning machines. Two types are 
available: digital analyzers and manual combustion analysis kits. Digital combustion 
analysis equipment performs the measurements and reads out in percent combustion 
efficiency. These instruments are fairly complex and expensive. 

The manual combustion analysis kits typically require multiple measurements including 
exhaust stack: temperature, oxygen content, and carbon dioxide content. The efficiency of 
the combustion process can be calculated after determining these parameters. The manual 
process is lengthy and is frequently subject to human error. 
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Airflow Measurement Devices 
Measuring air flow from heating, air conditioning or ventilating ducts, or from other sources 
of air flow is one of the energy auditor’s tasks. Airflow measurement devices can be used 
to identify problems with air flows, such as whether the combustion air flow into a gas 
heater is correct. Typical airflow measuring devices include a velometer, an anemometer, 
or an airflow hood.  

 

Fig. 5. Speedometer tube 

Blower Door Attachment 
Building or structure tightness can be measured with a blower door attachment. This 
device is frequently used in residences and in office buildings to determine the air leakage 
rate or the number of air changes per hour in the facility. This is often helps determine 
whether the facility has substantial structural or duct leaks that need to be found and 
sealed.  

Smoke Generator 
A simple smoke generator can also be used in residences, offices and other buildings to 
find air infiltration and leakage around doors, windows, ducts and other structural features. 
Care must be taken in using this device, since the chemical “smoke” produced may be 
hazardous, and breathing protection masks may be needed.  
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Fig. 6. Gas Analyzer  

Safety Equipment 
The use of safety equipment is a vital precaution for any energy auditor. A good pair of 
safety glasses is an absolute necessity for almost any audit visit. Hearing protectors may 
also be required on audit visits to noisy plants or areas with high horsepower motors 
driving fans and pumps. Electrical insulated gloves should be used if electrical 
measurements will be taken, and asbestos gloves should be used for working around 
boilers and heaters. Breathing masks may also be needed when hazardous fumes are 
present from processes or materials used. Steel-toe and steel-shank safety shoes may be 
needed on audits of plants where heavy materials, hot or sharp materials or hazardous 
materials are being used. 

4.3. Audit execution 

The energy auditor should start by collecting data on energy use, power demand and cost 
for at least the previous 12 months. Twenty-four months of data might be necessary to 
adequately understand some types of billing methods. Bills for gas, oil, coal, electricity, etc. 
should be compiled and examined to determine both the amount of energy used and the 
cost of that energy. This data should then be put into tabular and graphic form to see what 
kind of patterns or problems appear from the tables or graphs. Any anomaly in the pattern 
of energy use raises the possibility for some significant energy or cost savings by 
identifying and controlling that anomalous behavior. Sometimes an anomaly on the graph 
or in the table reflects an error in billing, but generally the deviation shows that some 
activity is going on that has not been noticed, or is not completely understood by the 
customer. 
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4.3.1. Physical and Operational Data for the Facility 
The auditor must gather information on factors likely to affect the energy use in the facility. 
Geographic location, weather data, facility layout and construction, operating hours, and 
equipment can all influence energy use. 

 Geographic Location/Weather Data: The geographic location of the facility should 
be noted, together with the weather data for that location. Contact the local weather 
station, the local utility or the state energy office to obtain the average degree days 
for heating and cooling for that location for the past twelve months. This degree-day 
data will be very useful in analyzing the need for energy for heating or cooling the 
facility. Bin weather data would also be useful if a thermal envelope simulation of the 
facility were going to be performed as part of the audit. 

 Facility Layout: Next the facility layout or plan should be obtained, and reviewed to 
determine the facility size, floor plan, and construction features such as wall and 
roof material and insulation levels, as well as door and window sizes and 
construction. A set of building plans could supply this information in sufficient detail. 
It is important to make sure the plans reflect the “as-built” features of the facility, 
since many original building plans do not get used without alterations. 

 Operating Hours: Operating hours for the facility should also be obtained. Is there 
only a single shift? Are there two shifts? Three? Knowing the operating hours in 
advance allows some determination as to whether some loads could be shifted to 
off-peak times. Adding a second shift can often be cost effective from an energy 
cost view, since the demand charge can then be spread over a greater amount of 
kWh. 

 Equipment List: Finally, the auditor should get an equipment list for the facility and 
review it before conducting the audit. All large pieces of energyconsuming 
equipment such as heaters, air conditioners, water heaters, and specific process-
related equipment should be identified. This list, together with data on operational 
uses of the equipment allows a good understanding of the major energyconsuming 
tasks or equipment at the facility. As a general rule, the largest energy and cost 
activities should be examined first to see what savings could be achieved. The 
greatest effort should be devoted to the ECO’s which show the greatest savings, 
and the least effort to those with the smallest savings potential. 

The equipment found at an audit location will depend greatly on the type of facility involved. 
Residential audits for single-family dwellings generally involve smaller-sized lighting, 
heating, air conditioning and refrigeration systems. Commercial operations such as grocery 
stores, office buildings and shopping centers usually have equipment similar to residences, 
but much larger in size and in energy use. However, large residential structures such as 
apartment buildings have heating, air conditioning and lighting that is very similar to many 
commercial facilities. Business operations is the area where commercial audits begin to 
involve equipment substantially different from that found in residences. 
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Industrial auditors encounter the most complex equipment. Commercial-scale lighting, 
heating, air conditioning and refrigeration, as well as office business equipment, is 
generally used at most industrial facilities.  

The major difference is in the highly specialized equipment used for the industrial 
production processes. This can include equipment for chemical mixing and blending, metal 
plating and treatment, welding, plastic injection molding, paper making and printing, metal 
refining, electronic assembly, and making glass, for example. 

4.3.2. Conducting the Audit Visit 
Once the information on energy bills, facility equipment and facility operation has been 
obtained, the audit equipment can be gathered up, and the actual visit to the facility can be 
made. 

 Introductory Meeting: The audit person - or team - should meet with the facility 
manager and the maintenance supervisor and briefly discuss the purpose of the 
audit and indicate the kind of information that is to be obtained during the visit to the 
facility. If possible, a facility employee who is in a position to authorize expenditures 
or make operating policy decisions should also be at this initial meeting. 

 Audit Interviews: Getting the correct information on facility equipment and operation 
is important if the audit is going to be most successful in identifying ways to save 
money on energy bills. The company philosophy towards investments, the impetus 
behind requesting the audit, and the expectations from the audit can be determined 
by interviewing the general manager, chief operating officer, or other executives. 
The facility manager or plant manager is one person that should have access to 
much of the operational data on the facility, and a file of data on facility equipment. 
The finance officer can provide any necessary financial records (e.g.; utility bills for 
electric, gas, oil, other fuels, water and wastewater, expenditures for maintenance 
and repair, etc.). The auditor must also interview the floor supervisors and 
equipment operators to understand the building and process problems. Line or area 
supervisors usually have the best information on times their equipment is used. The 
maintenance supervisor is often the primary person to talk to about types of lighting 
and lamps, sizes of motors, sizes of air conditioners and space heaters, and 
electrical loads of specialized process equipment. Finally, the maintenance staff 
must be interviewed to find the equipment and performance problems. The auditor 
should write down these people’s names, job functions and telephone numbers, 
since it is frequently necessary to get additional information after the initial audit 
visit. 

 Walk-through Tour: A walk-through tour of the facility or plant tour should be 
conducted by the facility/plant manager, and should be arranged so the auditor or 
audit team can see the major operational and equipment features of the facility. The 
main purpose of the walkthrough tour is to obtain general information. More specific 
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information should be obtained from the maintenance and operational people after 
the tour. 

 Getting Detailed Data: Following the facility or plant tour, the auditor or audit team 
should acquire the detailed data on facility equipment and operation that will lead to 
identifying the significant Energy Conservation Opportunities (ECO’s) that may 
be appropriate for this facility. This includes data on lighting, HVAC equipment, 
motors, water heating, and specialized equipment such as refrigerators, ovens, 
mixers, boilers, heaters, etc. This data is most easily recorded on individualized data 
sheets that have been prepared in advance. 

 What to Look for: 
 Lighting: Making a detailed inventory of all lighting is important. Data should be 

recorded on numbers of each type of light fixtures and lamps, wattages of  
lamps, and hours of operation of groups of lights. A lighting inventory data sheet 
should be used to record this data. Using a lightmeter, the auditor should also 
record light intensity readings for each area. Taking notes on types of tasks 
performed in each area will help the auditor select alternative lighting 
technologies that might be more energy efficient. Other items to note are the 
areas that may be infrequently used and may be candidates for occupancy 
sensor controls of lighting, or areas where daylighting may be feasible. 

 HVAC Equipment: All heating, air conditioning and ventilating equipment should 
be inventoried. Prepared data sheets can be used to record type, size, model 
numbers, age, electrical specifications or fuel use specifications, and estimated 
hours of operation. The equipment should be inspected to determine the 
condition of the evaporator and condenser coils, the air filters, and the insulation 
on the refrigerant lines. Air velocity measurement may also be made and 
recorded to assess operating efficiencies or to discover conditioned air leaks. 
This data will allow later analysis to examine alternative equipment and 
operations that would reduce energy costs for heating, ventilating, and air 
conditioning. 

 Electric Motors: An inventory of all electric motors over 1 kW should also be 
taken. Prepared data sheets can be used to record motor size, use, age, model 
number, estimated hours of operation, other electrical characteristics, and 
possibly the operating power factor. Measurement of voltages, currents, and 
power factors may be appropriate for some motors. Notes should be taken on 
the use of motors, particularly recording those that are infrequently used and 
might be candidates for peak load control or shifting use to off-peak times. All 
motors over 1 kW and with times of use of 2000 hours per year or greater, are 
likely candidates for replacement by high efficiency motors—at least when they 
fail and must be replaced. 
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 Water Heaters: All water heaters should be examined, and data recorded on 
their type, size, age, model number, electrical characteristics or fuel use. What 
the hot water is used for, how much is used, and what time it is used should all 
be noted. Temperature of the hot water should be measured. 

 Waste Heat Sources: Most facilities have many sources of waste heat, providing 
possible opportunities for waste heat recovery to be used as the substantial or 
total source of needed hot water. Waste heat sources are air conditioners, air 
compressors, heaters and boilers,  process cooling systems, ovens, furnaces, 
cookers, and many others. Temperature measurements for these waste heat 
sources are necessary to analyze them for replacing the operation of the existing 
water heaters. 

 Peak Equipment Loads: The auditor should particularly look for any piece of 
electrically powered equipment that is used infrequently or whose use could be 
controlled and shifted to offpeak times. Examples of infrequently used equipment 
include trash compactors, fire sprinkler system pumps (testing), certain types of 
welders, drying ovens, or any type of back-up machine. Some production 
machines might be able to be scheduled for offpeak. Water heating could be 
done off-peak if a storage system is available, and off-peak thermal storage can 
be accomplished for onpeak heating or cooling of buildings. Electrical 
measurements of voltages, currents, and wattages may be helpful. Any 
information which leads to a piece of equipment being used off-peak is valuable, 
and could result in substantial savings on electric bills. The auditor should be 
especially alert for those infrequent on-peak uses that might help explain 
anomalies on the energy demand bills. 

 Other Energy-Consuming Equipment: Finally, an inventory of all other equipment 
that consumes a substantial amount of energy should be taken. Commercial 
facilities may have extensive computer and copying equipment,  refrigeration 
and cooling equipment, cooking devices, printing equipment, water heaters, etc. 
Industrial facilities will have many highly specialized process and production 
operations and machines. Data on types, sizes, capacities, fuel use, electrical 
characteristics, age, and operating hours should be recorded for all of this 
equipment. 

 Preliminary Identification of ECO’s: As the audit is being conducted, the auditor 
should take notes on potential ECO’s that are evident. Identifying ECO’s requires a 
good knowledge of the available energy efficiency technologies that can accomplish 
the same job with less energy and less cost. For example, overlighting indicates a 
potential lamp removal or lamp change ECO, and inefficient lamps indicates a 
potential lamp technology change. Motors with high use times are potential ECO’s 
for high efficiency replacements. Notes on waste heat sources should indicate what 
other heating sources they might replace, and how far away they are from the end 
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use point. Identifying any potential ECO’s during the walk-through will make it easier 
later on to analyze the data and to determine the final ECO recommendations. 

4.3.3. Post-Audit Analysis 
Following the audit visit to the facility, the data collected should be examined, organized 
and reviewed for completeness. Any missing data items should be obtained from the 
facility personnel or from a re-visit to the facility. The preliminary ECO’s identified during 
the audit visit should now be reviewed, and the actual analysis of the equipment or 
operational change should be conducted. This involves determining the costs and the 
benefits of the potential ECO, and making a judgment on the cost-effectiveness of that 
potential ECO. Cost-effectiveness involves a judgment decision that is viewed differently 
by different people and different companies. Often, Simple Payback Period (SPP) is used 
to measure cost-effectiveness, and most facilities want a SPP of two years or less. The 
SPP for an ECO is found by taking the initial cost and dividing it by the annual savings. 
This results in finding a period of time for the savings to repay the initial investment, without 
using the time value of money.  

One other common measure of cost-effectiveness is the discounted benefit-cost ratio. In 
this method, the annual savings are discounted when they occur in future years, and are 
added together to find the present value of the annual savings over a specified period of 
time. The benefit-cost ratio is then calculated by dividing the present value of the savings 
by the initial cost. A ratio greater than one means that the investment will more than repay 
itself, even when the discounted future savings are taken into account. Several ECO 
examples are given here in order to illustrate the relationship between the audit information 
obtained and the technology and operational changes recommended to save on energy 
bills. 

 Lighting ECO: First, an ECO technology is selected - such as replacing an existing 
400 watt mercury vapor lamp with a 325 watt multi-vapor lamp. The cost of the 
replacement lamp must be determined.  

Example: Product catalogs can be used to get typical prices for the new lamp – for 
example, about 5 EUR more than the 400 watt mercury vapor lamp.  

The new lamp is a direct screw-in replacement, and no change is needed in the fixture or 
ballast. Labor cost is assumed to be the same to install either lamp. The benefits - or cost 
savings - must be calculated next.  

The power savings is 400 - 325 = 75 watts.  

If the lamp operates for 4000 hours per year and electric energy costs 0.043 EUR/kWh, 
then the savings is:  
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(0.075 kW)(4000 hr/year)(0.043 EUR/kWh) = 12.99 EUR/year 

This gives a SPP = 5 EUR/12.99 EUR/yr =0.4 years, or about 5 months. This would be 
considered an extremely cost-effective ECO. (For illustration purposes, ballast wattage has 
been ignored.) 

 Motor ECO: A ventilating fan at a fiberglass boat manufacturing company has a 
standard efficiency 5 kW motor that runs at full load two shifts a day, or 4160 hours 
per year. When this motor wears out, the company will have an ECO of using a high 
efficiency motor.  

Example: A high efficiency 5 kw motor costs around 60 EUR more to purchase than the 
standard efficiency motor.  

The standard motor is 83% efficient and the high efficiency model is 88.5% efficient. The 
cost savings is found by calculating: 

(5 kW)(4160 hr/ yr)[(1/0.83) –( 1/0.885)](0.043 EUR/kWh) = 67.46 EUR/year. 

The SPP = 60 EUR/67.46 EUR/yr =0.9 years, or about 11 months. This is also a very 
attractive ECO when evaluated by this economic measure.  

The discounted benefit-cost ratio can be found once a motor life is determined, and a 
discount rate is selected. Companies generally have a corporate standard for the discount 
rate used in determining their measures used to make investment decisions. 

4.3.4. Conclusions and recommendations 
At this point in the audit process, the selection of ECOs can be confirmed and finalized, 
with proper cost-benefit evaluations. Formulate conclusions and recommendations, write a 
draft of the audit report, and review the draft with the auditee’s representative. The audit 
conclusions and recommendations can now be firmed up and a final report can be drafted. 
The content of the report should be shared with, and agreed on, by the auditee’s 
representative. 

4.4. Audit report 

The next step in the energy audit process is to prepare a report which details the final 
results and recommendations. The length and detail of this report will vary depending on 
the type of facility audited. A residential audit may result in a computer printout from the 
utility. An industrial audit is more likely to have a detailed explanation of the ECO’s and 
benefit-cost analyses.  
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The following discussion covers the detailed audit reports. The report should begin with an 
executive summary that  provides the owners/managers of the audited facility with a brief 
synopsis of the total savings available and the highlights of each ECO. The report should 
then describe the facility that has been audited, and provide information on the operation of 
the facility that relates to its energy costs. The energy bills should be presented, with tables 
and plots showing the costs and consumption.  

Following the energy cost analysis, the recommended ECO’s should be presented, along 
with the calculations for the costs and benefits, and the cost effectiveness criterion. 
Regardless of the audience for the audit report, it should be written in a clear, concise and 
easy-to understand format and style. The executive summary should be tailored to non-
technical personnel, and technical jargon should be minimized. A client who understands 
the report is more likely to implement the recommended ECO’s. An outline for a complete 
energy audit report is shown below. 

4.4.1. Detailed Energy Audit Report Format 
Tentative Simplified Energy Audit Structure and Content (for Non Green Field Projects):  

1. Executive Summary 
- A brief summary of the recommendations and cost savings 

2. Table of Contents 
3. Introduction 
4. Purpose of the energy audit 
5. Need for a continuing energy cost control program 
6. Facility Description 
7. Product or service, and materials flow 
8. Size, construction, facility layout, and hours of operation 
9. Equipment list, with specifications 
10. Energy Bill Analysis 
11. Utility rate structures 
12. Tables and graphs of energy consumptions and costs 
13. Discussion of energy costs and energy bills 
14. Energy Conservation Opportunities 
15. Listing of potential ECO’s 
16. Cost and savings analysis 
17. Economic evaluation 
18. Assessment of overall emissions reduction of greenhouse gases resulting from the 

implementation of the ECOs and assessment of the scope for a carbon credit 
transaction under an applicable emissions trading regime, like EU Emissions 
Trading Scheme or Joint-Implementation, accounting for inter-alia: 
- direct (fuel combustion, processes) and indirect emissions (intake energy 

carriers),  
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- fuel and process related and  
- fossil and non-fossil fuels related 

19. Action Plan 
20. Recommended ECO’s and an implementation schedule 
21. Designation of an energy monitor and ongoing program  
22. Conclusion 
23. Additional comments not otherwise covered 

4.4.2. Simplified Energy Audit Report Format 
1. Energy balance of the operation (overall pattern of all energy input and output flows 

for primary fuel and intermediate energy carriers)  
2. Detailed energy consumption analysis and problem identification  
3. Review of energy supply arrangements  
4. Assessment of anticipated energy saved and/or generated through the investment 
5. Assessment of overall emissions reduction of greenhouse gases resulting from the 

implementation of the ECOs 
6. Assessment of compliance with national environment, health and safety standards 

(current status and recommendations for addressing any areas of non-compliance)  
7. Current energy management policy, measures and staff  
8. Implementation plan of the sub-project including assessment of the permits required 

for the construction and operation of the investments included 
9. Analysis of alternative energy supply opportunities (incl. inter-alia potential for co-

generation and renewable energy)  
10. Identification of additional feasible sustainable energy opportunities 

Example: Tentative Table of Contents of a Simplified Energy Audit 

0. EXECUTIVE SUMMARY ..................................... ERROR! BOOKMARK NOT DEFINED. 

0.1 KEY MESSAGE REGARDING PROJECT ELIGIBILITY ........... ERROR! BOOKMARK NOT DEFINED. 
0.2 COMPANY PROFILE ......................................................... ERROR! BOOKMARK NOT DEFINED. 
0.3 THE PLANNED INVESTMENT PROJECT .............................. ERROR! BOOKMARK NOT DEFINED. 
0.4 CURRENT ENERGY CONSUMPTION (IN MWH) ................. ERROR! BOOKMARK NOT DEFINED. 
0.5 ENERGY SAVINGS AND CO2 REDUCTIONS ...................... ERROR! BOOKMARK NOT DEFINED. 
0.6 FINANCIAL COSTS AND BENEFITS .................................... ERROR! BOOKMARK NOT DEFINED. 
0.7 RISK ASSESSMENT .......................................................... ERROR! BOOKMARK NOT DEFINED. 
0.8 FURTHER ENERGY SAVING POTENTIAL ............................ ERROR! BOOKMARK NOT DEFINED. 

1. NTRODUCTION ..................................................... ERROR! BOOKMARK NOT DEFINED. 

1.1 BACKGROUND ................................................................ ERROR! BOOKMARK NOT DEFINED. 
1.2 AUDITED COMPANY AND AUDITING TEAM ...................... ERROR! BOOKMARK NOT DEFINED. 

2. COMPANY PROFILE ............................................ ERROR! BOOKMARK NOT DEFINED. 

2.1 MARKET POSITION .......................................................... ERROR! BOOKMARK NOT DEFINED. 
2.2 PRODUCTION DATA, ENERGY DATA ................................ ERROR! BOOKMARK NOT DEFINED. 
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3. TECHNICAL REVIEW AND ENERGY BALANCE ............ ERROR! BOOKMARK NOT 
DEFINED. 

3.1 DESCRIPTION OF PRODUCTION PROCESS AND CORE BUSINESS ..........ERROR! BOOKMARK NOT 

DEFINED. 
3.2 STATUS OF ENERGY SUPPLY SYSTEMS ............................. ERROR! BOOKMARK NOT DEFINED. 
3.3 ENERGY BALANCE FOR PROCESS TOUCHED BY MEASURESERROR! BOOKMARK NOT DEFINED. 

3.3.1 Energy demand ............................................................... Error! Bookmark not defined. 
3.3.2 Energy supply ................................................................. Error! Bookmark not defined. 

3.4 ENERGY COSTS AND INTENSITY ...................................... ERROR! BOOKMARK NOT DEFINED. 

4. PROJECT PROPOSED BY THE COMPANY .... ERROR! BOOKMARK NOT DEFINED. 

4.1 PROJECT 1: ..................................................................... ERROR! BOOKMARK NOT DEFINED. 
4.2 PROJECT 2: XXXX ........................................................... ERROR! BOOKMARK NOT DEFINED. 
4.3 SUMMERY OF SAVINGS, INVESTMENT COSTS ................... ERROR! BOOKMARK NOT DEFINED. 
4.4 IMPLEMENTATION PLAN.................................................. ERROR! BOOKMARK NOT DEFINED. 
4.5 MONITORING PLAN ........................................................ ERROR! BOOKMARK NOT DEFINED. 

5... ASSESSMENT OF COMPLIANCE WITH ENVIRONMENTAL HEALTH & SAFETY 
LAWS, REGULATION AND STANDARDS ........... ERROR! BOOKMARK NOT DEFINED. 

6. PROJECT PROFITABILITY ANALYSIS ........... ERROR! BOOKMARK NOT DEFINED. 

6.1 INVESTMENT COSTS FOR THE PROJECT ............................ ERROR! BOOKMARK NOT DEFINED. 
6.2 OPERATION AND MAINTENANCE EXPENDITURE .............. ERROR! BOOKMARK NOT DEFINED. 
6.3 CASH FLOW ANALYSIS ................................................... ERROR! BOOKMARK NOT DEFINED. 

7. RISK ASSESSMENT .............................................. ERROR! BOOKMARK NOT DEFINED. 

8. RECOMMENDATIONS TO THE COMPANY .. ERROR! BOOKMARK NOT DEFINED. 

8.1 OVERVIEW OF POSSIBLE ADDITIONAL MEASURES ........... ERROR! BOOKMARK NOT DEFINED. 
8.2 COST BENEFIT ASSESSMENT ON PROPOSED MEASURES .... ERROR! BOOKMARK NOT DEFINED. 
8.3 FURTHER BENEFITS FROM THE PROJECTS ........................ ERROR! BOOKMARK NOT DEFINED. 

9. ASSESSMENT OF ELIGIBILITY UNDER BEECIFF ......... ERROR! BOOKMARK NOT 
DEFINED. 

9.1 ELIGIBILITY ASSESSMENT ............................................... ERROR! BOOKMARK NOT DEFINED. 

List of figures 

List of tables 

List of Attachments 
 

4.5. Post-audit activities – Implementing energy efficiency measures 
Elaborated energy saving measures have to be further evaluated, checked against 
feasibility and the energy savings to be quantified. For each measure, for which positive 
impacts regarding the production process in general and in particular decreasing energy 
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consumption can be confirmed, financial analyses (e.g. IRR, NPV, BCR and payback 
period) have to be carried out. As result a report has to be prepared, describing the plant, 
the process and the facilities audited, the energy saving potentials, the measures 
proposed, the results of the financial analyses and recommendations.  

The terms of EA can differ from several weeks to several months and depending on the 
specific tasks of energy audit, financial possibilities and requirements of the Client. 
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5. Lighting systems 

5.1. Introduction  

Because nearly all buildings have lights, opportunities for lighting retrofits are very common 
and generally offer an attractive return on investment. Electricity used to operate lighting 
systems represents a significant portion of total electricity consumed in the world, 
approximately 20 % of the global electricity use. The total energy used for lightning is in 
turn divided according to diagram below (see Figure 7). 

 

Fig. 7. Global lighting energy distribution 

Lighting technology has produced many recent developments in energy-use reduction; 
many industries have upgraded their lighting systems, and lighting manufacturers have 
brought more efficient products onto the market. However, in most facilities, the lighting 
system still presents significant opportunities to reduce electricity costs. 

The demand of electrical lighting is highly affected by daylight (sun) exposure. An effective 
use of daylight, for example large windows in the most suitable direction, together with 
smart utilization of colours of walls and ceilings will minimize the demand. 

The first step in reducing electricity costs related to lighting is to survey your facility to find 
out whether the lighting equipment in each area is appropriate for the work performed there 
and whether it is the most energy-efficient type available for the task. 

One driving force behind energy management is to reduce energy costs. Energy costs are 
usually divided between demand charges (kW) and consumption charges (kWh). An 
attractive feature of lighting energy management is that many lighting retrofits can provide 
savings in both demand and consumption charges. Thus, the potential for funds savings is 
increased. 
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Lighting surveys often reveal one or more of the following energy management 
opportunities: 

 Lights left on in unoccupied areas: Even the most efficient lights waste energy when 
they are left on unnecessarily. The best way to ensure that lights are turned off 
when they are not needed is to develop the occupants’ sense of responsibility so 
that they take care of turning off unneeded lights. You may also consider installing 
timers, photocells and occupancy sensors or integrating the lighting system into an 
energy management control system. Lights (and other powered equipment, such as 
fans) left on unnecessarily in refrigerated areas add substantially to the refrigeration 
load. The same applies to air-conditioning systems. 

 Dirty lamps, lenses and light-reflecting surfaces: Dust and grease deposits on 
lighting fixtures can reduce the light that reaches the target area by as much as 30 
percent. Lighting fixtures should be cleaned at least once every two years, and more 
often when they are installed in greasy, dusty or smoky locations and when they are 
part of a heating, ventilating and air-conditioning (HVAC) system. 

 Overlit areas: In areas with more lighting than the activities require, remove some 
lights or install dimming systems. Lighting requirements vary widely within a 
building, and a reduction in general area lighting combined with an increase in task 
or workstation lighting often increases the occupants’ comfort while decreasing 
electricity costs. When delamping areas that are lit with fluorescent and high-
intensity discharge fixtures, ensure that the ballasts are disconnected; they 
consume electricity even when the bulb is removed. Dimming systems are useful for 
areas where several types of activity take place. For example, plant production 
areas can be fully lit during production periods and dimmed when cleaning and 
security staff are on duty. 

 Obsolete lighting equipment:Updating your lighting system with more energy-
efficient equipment is usually cost-effective. Retrofitting should be considered to 
improve the overall energy efficiency of the facility as well as to bring the lighting 
system into compliance with the Energy Efficiency Regulations. 

Consider increasing the use of daylighting, where feasible. Cutting energy use for lighting 
reduces not only the cost of electricity but also the load on your air-conditioning system. 
Measures taken to reduce electricity consumption by lighting systems help reduce 
emissions from thermo-electricity-generating stations. 

5.2. Description of Saving Potentials 

Generally, the main parameter when working with energy efficiency is the time of 
operation, since this often is the parameter that has the largest impact on the total energy 
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use. A positive side of this is that operational time often is easy to reduce, which also 
applies for lighting. The global potential of reducing the energy use by reducing the 
operational time is at least in level with exchanging lighting sources. 

In an IEA publication from 2008 it is estimated that by increasing the use of efficient lighting 
sources, at least 38 % of the global lighting energy could be saved by cost-effective actions 
(Energy Efficiency Policy Recommendation, IEA, 2008). The reason for this is that the 
main part of lighting globally still is equipped with traditional light-bulbs called 
incandescent. 

5.2.1. Efficacy 
Similar to efficiency, efficacy describes an output/input ratio, the higher the output (while 
input is kept constant), the greater the efficacy. Efficacy is the amount of lumens per watt 
from a particular energy source. A common misconception in lighting terminology is that 
lamps with greater wattage provide more light. However, light sources with high efficacy 
can provide more light with the same amount of power (watts), when compared to light 
sources with low efficacy. 

One of the most widely used industrial lighting standards are those developed by the 
Illuminating Engineering Society of North America (IES). The American National Standards 
Institute’s (ANSI) standard, “Practice for Industrial Lighting”, is adopted from IES. However, 
recently it has been shown that occupant comfort decreases when a space has too much 
light. Numerous experiments have confirmed that some of IES’s light levels were excessive 
and worker productivity was decreasing due to poor visual comfort. Due to these findings, 
IES reduced the recommended light levels for many tasks. The lighting designer must 
avoid over-illuminating a space. Unfortunately, this objective can be difficult because over-
illuminated spaces have become the “norm” in many buildings. Although not optimal, the 
tradition of excessive illumination can be continued due to habit. To correct this trend, the 
first step for a lighting retrofit should be to examine the existing system to determine if it is 
over-illuminated. 

5.2.2. Lighting System Components 
 After determining the quantity and quality of illumination required for a particular task, most 
lighting designers specify the lamp, then the ballast, and finally the luminaire to meet the 
lighting needs. 

 Lamps 
The lamp is the first component to consider in the lighting design process. The lamp choice 
determines the light quantity, relamping time interval, operational costs, etc., of the lighting 
system. This section will only cover the most popular types of lamps.  
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A traditional light-bulb, Incandescent Lamp (IL), transforms just about 5% of the supplied 
electrical energy to visibly light, the rest is emitted as heat. This is an inefficient way of 
using electrical energy, even though the emitted heat can be useful in some rare cases. 
More often buildings have to install a complementary cooling system to keep both the 
temperature and the light at a constant level. Today there are many alternative lighting 
sources of which the most commonly used are included in Ttable 2. 

Table 2. Lamp characteristics 

 

Compact Fluorescent Lamps (CFL) are gas-discharge lamps that use electricity to excite 
mercury to a visible light. Because CFLs are not point sources, (like incandescent lamps), 
they are not as effective in projecting light over distance. The light is more diffuse and 
difficult to focus on intended targets in directional lighting applications. The light output of 
CFLs can also be reduced when used in luminaires that trap heat near the lamp. The 
orientation of the lamp can also affect lumen output. Depending on the lamp design and 
ambient temperature, the light output in the base-down orientation may be 15% less than 
in the base-up position. 

Despite these difficulties, most CFLs provide comparable light quality to incandescents 
while significantly reducing energy consumption. Even if life or light output is reduced 
slightly, the benefits of CFLs are large enough that they usually remain cost-effective 
investments. 

The third light source is light emitting diode or abbreviated LED. You could say that they 
are the most economical and with longest life of all three. A big advantage of led lighting is 
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the duration of their lives which is 50,000 to 100,000 hours. Another positive feature of their 
own is that LEDs do not burn suddenly as in incandescent bulbs. For them over time (after 
50-100000-ing hour) luminous intensity gradually decreases. This allows you to react 
quickly without having to worry that at some point you will be "blind". LED lamps are strong 
and durable and also withstand the cold and heat in a relatively wide range. 

Light-Emitting-Diode (LED) lamps consists of clusters of LED’s using small amounts of 
energy but also emitting small amounts of visible light. Their major advantage is the size 
and they are commonly used as indication signals in electronic equipment. 

The technological progress for lighting is rapid and new products and technical solutions 
are continuously reaching the market. This happens simultaneously as new regulations are 
being established in purpose of phase out inefficient energy technologies. 

Figure 8 shows pictures of the different lighting sources described in the text. 

 
Figure 8. From left: IL, CFL, LED 

5.2.3. Tentative lighting systems evaluation worksheet 
Operation 

Walk through the facility after hours, noting whether lights are off in unoccupied areas.  

Are lights off in unoccupied areas? 
 Yes  Check periodically. 
 No  Train staff to turn lights off when they leave for the day. 

Ask security or cleaning staff to ensure that lights are turned off. 
Consider installing timers or occupancy sensors that turn lights off automatically. 
Consider installing a lighting management system for the facility. 
Consider installing motion-detector switches for the outside yard 
and building perimeter lighting. 

Done by: __________________________ Date: _______________________ 
 
Are light fixtures clean? 
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 Yes  Check periodically to maintain standard. 
 No  Wash lamps, lenses and reflecting surfaces to remove accumulated dirt and 

grease. 

Done by: __________________________ Date: _______________________ 

Survey the facility with a light meter and compare readings with standard lighting 
requirements for tasks. 

Are light levels appropriate for the work performed in each area? 
 Yes  Check periodically to maintain standard. 

 No  If light levels are too high, consider removing lamps or retrofitting with high-
efficiency low-wattage lamps. 

If light levels are too low, consider installing task lighting; if task lights are not feasible, 
consult a lighting expert. 

Done by: __________________________ Date: _______________________ 
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6. Electrical systems 
 
Electricity is the most widely used form of energy in most facilities, yet electrical systems 
are among the least understood of all plant systems. Efficient use of electric energy 
enables commercial, industrial and institutional facilities to minimize operating costs, and 
increase profits to stay competitive.  

There are several ways to improve the systems efficiency. The cost effective way is to 
check each component of the system for an opportunity to reduce electrical losses. A 
qualified individual should oversee the electrical system since poor power distribution 
within a facility is a common cause of energy losses. 

The power supply is one of the major factors affecting selection, installation, operation, and 
maintenance of an electrical motor driven system. Through each used voltage level at the 
industry there are several switch-gears distributing the electric power to different local 
users for example pumps, fans, compressors etc situated in a industrial process step or 
part of the industry. 

In most industrial operations, four kinds of opportunities for reducing electrical costs are 
available: 

 reduce peak demand, i.e. the maximum power (in kW/kVA), required by the 
facility; 

 reduce the total energy (measured in kWh) consumed in the facility; 

 improve the power factor of the facility; and 
 shift energy consumption to a time when energy costs are lower. 

6.1. Energy management opportunities 

In industrial type electricity billing, where mostly a two-part tariff is adopted, the consumer 
pays for two components: 

 For the maximum demand (kVA) recorded during billing duration; and 
 For the energy (kWh) consumed during billing duration. 

Look at the electrical load analysis and develop a systematic management approach to 
electrical power usage. Consider using one of the predictive,“smart” demand side 
management (DSM) programs that are available on the market. DSM refers to installing 
efficiency devices to lower or manage the peak electric load or demand. A network of on-
line electrical metering enables real-time data to be collected from the meters and the 
computerized energy management system to predict and control the electrical demand. 
When the demand approaches preset targets, non-essential operations are cut off and 
held back to shave the peak demand.  
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Remember also that the effort must be broad-based and have the support of the operators. 
An awareness campaign should be the start. The employees have to be aware of the 
energy and utilities cost and of the level of those expenditures in the plant. Is there an 
effective communications system in place to share the results of the conservation efforts 
with everybody? 

6.1.1. Understanding electrical billings 
Understanding the billing rate structure used by your utility is an important first step in 
taking control of electrical costs. Most industrial and commercial facilities are billed for 
electricity according to a general-service rate schedule in which the customer pays for the 
peak power demand (kW/kVA) and energy consumption (kWh). Most general-service rate 
structures also impose financial penalties on plants that have a low power factor. Electrical 
load management for a company involves measures to reduce maximum demand and to 
improve power factors so that the maximum demand charges are minimized. Energy 
consumption mainly relates to end-use equipment efficiency and can be reduced by 
various relevant measures. 

Many utilities have time-of-use or time-differentiated rates for customers whose peak 
demand exceeds 5,000 kW. These pricing schemes offer very low rates to customers who 
can shift high-demand operations away from the times of day when the utility receives its 
peak demand for energy. The utility benefits from a more consistent daily load pattern, and 
the customer pays less. 

6.1.2. Time-shifting consumption and real-time pricing 
Some utilities now offer their major customers real-time pricing, a scheme in which, each 
day, the utility gives the customer the rates proposed for each hour of the following day. 
Because of fluctuations in demand, electricity rates vary widely through the day, and the 
customer that can schedule its high-consumption activities to low-cost times of day can 
realize substantial savings. 

Software is available for estimating energy costs in a variety of situations. These estimates 
usually require complex analyses to arrive at the best mode of use, depending on 
operational restraints imposed by factors such as equipment requirements. Some software 
will even estimate control capabilities based on the consumption pattern decided after 
analysis. For information about available software and analysis tools, consult your 
electrical utility. 

6.2. Reducing peak demand 

A facility’s peak demand is the sum of the power (kW/kVA) required to run all the electrical 
equipment currently in operation. Thus, the demand peak increases and decreases as 
equipment is turned on and off and as the load goes up and down.  Peak demand charges 
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are based on the highest peak occurring in the billing period, even if that peak lasts for only 
one or two hours. Since demand peaks are usually predictable, they can be lowered by: 

 shedding loads – shutting off non-essential equipment during the peak period; 
 shifting loads – re-scheduling operations so that some activities take place 

during off-peak times of the day; and  
 improving processes to reduce electrical power requirements. 

If, after the implementation of all peak-reducing measures, the peak demand still continues 
to be unacceptably high, consider installing on-site, engine-driven generators to kick in and 
help shave the peak load. 

6.2.1. Reducing energy consumption 
Various techniques applicable to optimize maximum demand of an industry include: 

 Rescheduling loads; 

 Staggering of motor loads; 
 Storage of products/in process material/process utilities like refrigeration; 
 Shedding of non-essential loads; 
 Operation of captive power generation; and 
 Reactive power compensation. 

Reducing energy consumption is the simplest part of an electricity cost-reduction plan. 
First, implement all the usual cost-saving methods, such as the following: 

 turning off unnecessary lights and retrofitting lighting systems with appropriate 
energy-efficient fixtures; 

 shutting down unneeded equipment; 
 replacing drives between motor and driven equipment with more energy-efficient 

variable speed drives (VSDs), investigating the use of hydraulic drives and 
converting motors to soft-start technology; 

 replacing driven equipment with more energy-efficient equipment; and  
 replacing old electric motors with new, high-efficiency motors. 

Then, look at processes and examine the power usage in various sub-systems (e.g. 
HVAC, refrigeration, conveying and material handling and compressed air) so as to reduce 
electricity consumption. Installing a power monitoring system, coupled with monitoring and 
targeting methodology of managing electricity consumption, can in itself lead to a drop in 
electrical energy use on about 5 - 6%. 

6.2.2. Improving the power factor 
In most modern electrical distribution systems, the predominant loads are resistive and 
inductive. Inductive loads require two kinds of power: 

 Typical resistive loads are incandescent lighting and resistance heating. 
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 Active (or working) power to perform the work (motion), and 
 Reactive power to create and maintain electromagnetic fields. 
 Typical inductive loads are A.C. Motors, induction furnaces, transformers and 

ballast-type lighting. 

In a simple AC circuit consisting of a source and a linear load, both the current and voltage 
are sinusoidal. If the load is purely resistive, the two quantities reverse their polarity at the 
same time. At every instant the product of voltage and current is positive indicating that the 
direction of energy flow does not reverse. In this case, only real power is transferred. 

If the load is purely reactive, then the voltage and current are 90 degrees out of phase. In 
this case, only reactive energy flows—there is no net transfer of energy to the load. 

The vector sum of the active power and reactive power make up the total (or apparent) 
power used. This is the power to be supplied by the utility for meeting all active and 
reactive power needs of users and utility electrical generation and distribution systems are 
designed accordingly. 

Practical loads have resistance, inductance, and capacitance, so both real and RP will flow 
to real loads. Power engineers measure apparent power as the vector sum of real and RP 
(see Figure 9). Apparent power is the product of the root-mean-square voltage and current. 

 

Fig. 9. The apparent power is the vector sum of real and RP. 
Real power (P), RP (Q), Complex power (S) and Apparent Power (|S|) and angle φ  

Since it is only the active power or kilowatts that are of real use, there is an advantage in 
operating with a power factor cos φ (PF) close to unity - that is, drawing close to zero 
reactive power from the utility. In this way, the capacity of a utility electrical network can be 
optimally used, with minimum losses. In fact, the utilities penalize users for low power 
factors and sometimes incentivize high power factors at the user end, in their tariff 
structures. Installing and maintaining capacitors helps industry to balance the reactive 
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power of inductive loads and to improve power factors at the user end, which also offers 
benefits of better voltage, reduced maximum demand, and lower distribution losses within 
the industry premises. 

Engineers care about apparent power, because even though the current associated with 
RP does no work at the load, it heats the wires, wasting energy. Conductors, transformers 
and generators must be sized to carry the total current, not just the current that does useful 
work. 

PF improvement can significantly reduce distribution loads and maximum demand within 
the facility. The active power is the product of apparent power and power factor. To reduce 
the maximum demand, it would help to keep the power factor close to unity. Reduced 
maximum demand charges are evaluated against investment for capacitors, for payback 
analysis. Tariff structure data and monthly bill analysis can help the utility to figure out cost 
benefits. For maximum demand optimization, it would be desirable to adopt automatic PF 
controls. 

Example: If the maximum demand is 1,500 kVA at 0.85 PF, calculate the reduction in 
demand with improved PF to 0.95, and work out the benefits of PF improvement: 

Active power kW which is being presently served: 1,500 x 0.85 = 1,275 
New kVA for serving same 1,275 kW of active power at 0.95 PF: 1,275/0.95 = 1,342 
Reduction in maximum demand with higher PF: 1,500 kVA – 1,342 kVA = 158 kVA. 

6.2.3. Tentative electrical systems evaluation worksheet 
Demand 

Develop an electrical load profile of the facility. This information may be available from the 
electrical utility. If it is not, you may have to install electronic recording ammeters and 
collect data for several months. Analyse the load profiles to determine how the operation of 
plant equipment affects the profile. 

Can equipment use be rescheduled to off-peak hours? 

 Yes Reschedule operations. 
 No No action required. 

Done by: __________________________ Date: _______________________ 
 

Can any of your equipment be shut down during peak-load periods? 

 Yes If the equipment is manually operated, have the operator shut it down 
according to a peak-load schedule. 
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If the equipment is automatic, set the controls accordingly or install a programmed 
timer. 

 No No action required. 

Done by: __________________________ Date: _______________________ 
 

Can any of your equipment be downsized to use less electricity? 

 Yes Upgrade equipment at the first opportunity; this will also reduce consumption 
of electrical energy. 

 No No action required. 

Done by: __________________________ Date: _______________________ 

Consumption 
Examine all electrical systems, including lighting, with a view to retrofits or operational 
modifications that will reduce electrical consumption. 

Can equipment be shut off when not in use without disturbing the process? 

 Yes Inform operators that the equipment must be shut off when not in use. 
Consider using timers, photocells or occupancy sensors to ensure that 
equipment is shut off when feasible. 

 No No action required. 

Done by: __________________________ Date: _______________________ 
 
Can equipment be fitted with energy-efficient motors economically? 

 Yes Replace the motors with energy-efficient units at the first opportunity. 

 No Examine the possibility of replacing worn-out motors with energyefficient 
motors. 

Done by: __________________________ Date: _______________________ 
 
Can existing lighting be economically replaced with energyefficient lighting? 

 Yes Replace the lighting with energy-efficient fixtures and bulbs at the first 
opportunity. 

 No No action required. 

Done by: __________________________ Date: _______________________ 
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Examine the drive system and driven equipment to find out whether their efficiency can be 
improved. 

Can lower-efficiency drives and mechanical equipment be retrofitted? 

 Yes Replace the items that are feasible for retrofitting at the first opportunity. 
 No Examine the possibility of replacing old drives and mechanical equipment. 

Done by: __________________________ Date: _______________________ 

Power factor 
Is the power factor at or above 90 percent (0.9)? 

 Yes Check periodically to maintain standard. 
 No Consider installing capacitors to increase the power factor; this usually 

requires a study and design by an electrical engineer. 

Done by: __________________________ Date: _______________________ 

Note: Add further questions to this evaluation worksheet that are specific to your facility. 

  



Programme “Energy Efficiency and Green Economy” (BEECIFF) 
Energy Efficiency and Energy Management Handbook 

 

 53

7. Boiler plant systems 
 
Boilers and other fired systems are the most significant energy consumers. Almost two-
thirds of the fossil-fuelenergy consumed in the country involves the use of a boiler, furnace, 
or other fired system. Even most electric energy is produced using fuel-fired boilers. 

A boiler is an enclosed pressure vessel that provides means for combustion heat to be 
transferred into water until it becomes steam. The steam under pressure is then usable for 
providing heat for an industrial process. When water is boiled into steam, its volume 
increases about 1,600 times, producing a force that is almost as explosive as gunpowder. 
This makes a boiler an extremely dangerous piece of equipment that must be treated with 
utmost care. 

A boiler system comprises three parts: 
1. A feed water system, 
2. A steam system, and 
3. A fuel system. 

The feed water system provides water to the boiler and regulates it automatically to meet 
the steam demand. Various valves provide access for maintenance and repair. The steam 
system collects and controls the steam produced in the boiler. Steam is directed through a 
piping system to the point of use. Throughout the system, steam pressure is regulated 
using valves and checked with steam pressure gauges. The fuel system includes all the 
equipment used to provide fuel to generate the necessary heat. The equipment required in 
the fuel system depends on the type of fuel used by the system. 

Boiler and other fired systems, such as furnaces and ovens, combust fuel with air for the 
purpose of releasing the chemical heat energy. The purpose of the heat energy may be to 
raise the temperature of an industrial product as part of a manufacturing process, it may be 
to generate high-temperature high-pressure steam in order to power a turbine, or it may 
simply be to heat a space so the occupants will be comfortable. 

7.1. Boiler types and classification 

Broadly, boilers found in SME industries can be classified into four types - fire tube boilers, 
water tube boilers, packaged boilers, and fluidized bed combustion boilers. 

7.1.1. Fire tube boilers 
Fire tube or “fire in tube” boilers contain long steel tubes through which the hot gases from 
a furnace pass and around which the water to be converted to steam circulates. It is used 
for small steam capacities (up to 12,000 kg/h and 17.5kg/cm2). The advantages of fire tube 
boilers include their low capital cost and fuel efficiency (over 80%). They are easy to 
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operate, accept wide load fluctuations, and, because they can handle large volumes of 
water, produce less variation in steam pressure. 

 
Fig. 10. Fired tube boiler 

7.1.2. Water tube boilers 
In water tube or “water in tube” boilers, water passes through the tubes and the hot gasses 
pass outside the tubes. These boilers can be of single- or multiple-drum type. They can be 
built to handle larger steam capacities and higher pressures, and have higher efficiencies 
than fire tube boilers. They are found in power plants whose steam capacities range from 
4.5–120 t/h, and are characterized by high capital cost. These boilers are used when 
highpressure high-capacity steam production is demanded. They require more controls 
and very stringent water quality standards. 
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Fig. 11. Water tube boiler 

7.1.3. Packaged boilers 
The packaged boiler is so called because it comes as a complete package. Once delivered 
to a site, it requires only steam, water pipe work, fuel supply, and electrical connections in 
order to become operational. Package boilers are generally of shell type with fire tube 
design so as to achieve high heat transfer rates by both radiation and convection. These 
boilers are classified based on the number of passes (the number of times the hot 
combustion gases pass through the boiler). The combustion chamber is taken as the first 
pass, after which there may be one, two, or three sets of fire tubes. The most common 
boiler of this class is a three-pass unit with two sets of fire tubes and with the exhaust 
gases exiting through the rear of the boiler. 

 
Fig. 12. Packaged boiler 

7.1.4. Fluidized bed combustion (FBC) boilers 
In fluidized bed boilers, fuel burning takes place on a floating (fluidized) bed in suspension. 
When an evenly distributed air or gas is passed upward through a finely divided bed of 
solid particles such as sand supported on a fine mesh, the particles are undisturbed at low 
velocity. As air velocity is gradually increased, a stage is reached when the individual 
particles are suspended in the air stream. A further increase in velocity gives rise to bubble 
formation, vigorous turbulence, and rapid mixing, and the bed is said to be fluidized. 
Fluidized bed boilers offer advantages of lower emissions, good efficiency, and adaptability 
for use of low calorific-value fuels like biomass, municipal waste, etc. 
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Fig. 13. Fluidized bed boiler 

7.1.5. Fouled heat-exchange surfaces 
The amount of heating surface of a boiler is expressed in square meters. Any part of the 
boiler metal that actually contributes to making steam is a heating surface. The larger the 
heating surface a boiler has, the higher will be its capacity to raise steam. Heating surfaces 
can be classified into several types: 

A boiler system comprises three parts: 
1. Radiant Heating Surfaces (direct or primary) include all water-backed surfaces that 

are directly exposed to the radiant heat of the combustion flame. 
2. Convection Heating Surfaces (indirect or secondary) include all those water-backed 

surfaces exposed only to hot combustion gases. 
3. Extended Heating Surfaces include economizers and super heaters used in certain 

types of water tube boilers. 

The transfer of heat to boiler water is inhibited by the accumulation of soot on the fireside 
of a heat-exchange surface and scale on the waterside. Fouled heatexchange surfaces 
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also raise flue gas temperatures and increase heat loss from the stack. To keep heat-
exchange surfaces clean of soot and scale, ensure that: 

 both fireside and waterside surfaces are inspected carefully whenever the boiler 
plant is shut down; 

 boiler feedwater is treated as required to reduce deposits; and 
 soot blowers, brushes or manual lances are used as required. 

7.2. Typical caloric value of fuels 

The calorific value of coal varies considerably depending on the ash, the moisture content, 
and the type of coal. In fact coal is classified as of a particular grade with respect to its 
gross calorific value (GCV) and ash content, and the price varies accordingly. Calorific 
values of liquid fuels are much more consistent. Agrobased fuels have varying calorific 
values with respect to composition. Natural gas also has a varying calorific value due to 
varying constituent share. 

Table 3. Calorific values of solid, liquid and gaseous fuels 

Solid and liquid fuels Gross calorific value / MJ kg−1 

Alcohols 
Ethanol 

 
30 

Methanol 23 
  
Coal and coal products 
Anthracite (4% water) 

 
36 

Coal tar fuels 36–41 
General purpose coal (5–10% water) 32–42 
High-volatile coking coals (4% water) 35 
Low temperature coke (15% water) 26 
Medium-volatile coking coal (1% water) 37 
Steam coal (1% water) 36 
  
Peat 
Peat (20% water) 16 
  
Petroleum and petroleum products 
Diesel fuel 46 
Gas oil 46 
Heavy fuel oil 43 
Kerosine 47 
Light distillate 48 
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Light fuel oil 44 
Medium fuel oil 43 
Petrol 44.8–46.9 
  
Wood 
Wood (15% water) 16 
 
 

Gaseous fuels at 15 °C, 101.325 kPa, dry Gross calorific value / MJ m− 3 

Coal gas coke oven (debenzolized) 20 
Coal gas continuous vertical retort (steaming) 18 
Coal gas low temperature 34 
Commercial butane 118 
Commercial propane 94 
North Sea gas natural 39 
Producer gas coal 6 
Producer gas coke 5 
Water gas carburetted 19 
Water gas blue 11 
  

Note:  1 kJ/kg = 1 J/g = 0.4299 Btu/ lbm = 0.23884 kcal/kg 
1 Btu/lbm = 2.326 kJ/kg = 0.55 kcal/kg 
1 kcal/kg = 4.1868 kJ/kg = 1.8 Btu/lbm 
1 dm3 (Liter) = 10-3 m3 = 0.03532 ft3 = 1.308 x 10-3 yd3 = 0.220 Imp gal (UK) = 

0.2642 Gallons (US) 

7.2.1. Parameters in coal combustion 
Fixed carbon: 
Fixed carbon gives a rough estimate of the heating value of coal. Higher carbon means 
higher calorific value. 

Volatile matter: 
Volatile matter includes such substances as methane, hydrocarbons, hydrogen, carbon 
monoxide, and incombustible gases like carbon dioxide and nitrogen found in coal. Thus 
volatile matter is an index of the gaseous fuels present. The typical proportion of volatile 
matter in coal is 20 to 35%. The presence of volatile matter: 

 Proportionately increases flame length and helps in easier ignition of coal; 
 Sets minimum limits on the furnace height and volume; 
 Influences secondary air requirement and distribution aspects. 
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Ash content: 
Ash is inorganic material that will not burn. The typical proportion of ash found in coal is 0.5 
to 40%, and the ash presence has several detrimental effects: 

 It reduces handling and burning capacity. 
 It Increases handling costs. 
 It affects flame temperature, heat transfer, combustion efficiency, and boiler 

efficiency. 

 It causes clinkering and slagging, affecting availability. 
 It increases auxiliary power consumption. 

Moisture content: 
The presence of moisture decreases the heat content per kg of coal, typically by amounts 
ranging from 0.5 to 10%. It also increases heat loss through stack gases, due to 
evaporation and superheating. A small quantity, however, at times helps in binding fines 
together. 

Sulphur content: 
The typical amount of sulphur found in coal is 0.5 to 5%. An excess of it affects clinkering 
and slagging tendencies, corrodes mild steel chimneys and other equipment such as air 
heaters and economizers, limits the exit flue gas temperature due to acid dewpoint, and 
affects efficiency. 

7.2.2. Parameters for good efficiency in fuel oil combustion 
 Maintain viscosity of oil of 100 Redwood sec I at burner tip by proper setting of 

pre-heat temperature. 
 Provide atomizing air at 1 - 3 kg/cm2 (about 2% of total air requirement) 
 About 14 kg of air/kg of fuel oil is required for complete combustion. Optimum 

efficiency occurs with around 10% excess air. 
 To control for excess air, flue gases should be continuously analyzed for CO2 or 

O2. 
 Acid formation occurs at around 160º C, and cold end corrosion should be 

avoided by maintaining stack temperature at above 160º C. 
 Oil pressure at the burner tip for pressure jet burners should be 17 - 20 kg/cm2. 

 Slightest damage to the burner tip may increase fuel consumption by 10 - 15%, 
and hence any wornout tips should be replaced immediately. 

 Correct flame is normally short. Flame impingement on walls and tubes is to be 
avoided since it causes carbon/soot deposits. 

 Too short a flame indicates high excess air, and air supply to burners should be 
adjusted for a light hazy brown color at the chimney. 
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7.2.3. Gaseous fuels 
LPG 
LPG is a mixture of gases, predominantly propane and butane with a small percentage of 
unsaturated hydrocarbon chains (propylene and butylene). It is gaseous at normal 
atmospheric pressure, but may be condensed to a liquid state at normal temperature by 
the application of moderate pressure. Liquid LPG evaporates to produce about 250 times 
the volume of gas. Its vapor is denser than air. 

Natural gas 
Methane is the main constituent of natural gas, accounting for about 95% of the total 
volume. Other components are ethane, propane, butane, pentane, and nitrogen. The 
content of sulphur is negligible. Natural gas is lighter than air and disperses into air easily. 

Gaseous fuel combustion  
Combustion of gaseous fuels is similar to that of liquid fuels; in fact, highest efficiencies 
can be achieved with gaseous fuels, as very good atomization conditions can be achieved. 

7.3. Heat lost in flue gas 

Basically Boiler efficiency can be tested by the following methods: 
1) The Direct Method: Where the energy gain of the working fluid (water and steam) is 
compared with the energy content of the boiler fuel. 
2) The Indirect Method: Where the efficiency is the difference between the losses and the 
energy input. 

7.3.1. The Direct Method Testing 
This is also known as ‘input-output method’ due to the fact that it needs only the useful 
output (steam) and the heat input (i.e. fuel) for evaluating the efficiency. This efficiency can 
be evaluated using the formula: 
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7.3.2. The Indirect Method Testing 
The efficiency can be measured easily by measuring all the losses occurring in the boilers 
using the principles to be described. The disadvantages of the direct method can be 
overcome by this method, which calculates the various heat losses associated with boiler. 
The efficiency can be arrived at, by subtracting the heat loss fractions from 100.An 
important advantage of this method is that the errors in measurement do not make 
significant change in efficiency. 

Thus if boiler efficiency is 90% , an error of 1% in direct method will result in significant 
change in efficiency. i.e.90 + 0.9 = 89.1 to 90.9. In indirect method, 1% error in 
measurement of losses will result in 

Efficiency = 100 – (10 + 0.1) = 90 + 0.1 = 89.9 to 90.1% 

The various heat losses occurring in the boiler are: 
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The following losses are applicable to liquid, gas and solid fired boiler: 

L1 - Loss due to dry flue gas (sensible heat) 
L2 - Loss due to hydrogen in fuel (H2) 
L3 - Loss due to moisture in fuel (H2O) 
L4 - Loss due to moisture in air (H2O) 
L5 - Loss due to carbon monoxide (CO) 
L6 - Loss due to surface radiation, convection and other unaccounted*. 

*Losses which are insignificant and are difficult to measure. 

The following losses are applicable to solid fuel fired boiler in addition to above: 

L7 - Unburnt losses in fly ash (Carbon) 
L8 - Unburnt losses in bottom ash (Carbon) 

Boiler Efficiency by indirect method = 100 – (L1+L2+L3+L4+L5+L6+L7+L8) 

The efficiency test does not account for: 
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 Standby losses. Efficiency test is to be carried out, when the boiler is operating 
under a steady load. Therefore, the combustion efficiency test does not reveal 
standby losses, which occur between firing intervals 

 Blow down loss. The amount of energy wasted by blow down varies over a wide 
range. 

 Soot blower steam. The amount of steam used by soot blowers is variable that 
depends on the type of fuel. 

 Auxiliary equipment energy consumption. The combustion efficiency test does 
not account for the energy usage by auxiliary equipments, such as burners, fans, 
and pumps. 

7.4. Tentative tips for energy efficiency improving in boilers 

An optimized loading schedule will allow any plant steam demand to be met with the 
minimum energy input. Some general points to consider when establishing such a 
schedule are as follows: 

1. Boilers generally operate most efficiently at 65 to 85% full-load rating; centrifugal 
fans at 80 to 90% design rating. Equipment efficiencies fall off at higher or lower 
load points, with the decrease most pronounced at low-load conditions. 

2. It is usually more efficient to operate a lesser number of boilers at higher loads than 
a larger number at low loads. 

3. Boilers should be put into service in order of decreasing efficiency starting with the 
most efficient unit. 

4. Newer units and units with higher capacity are generally more efficient than are 
older, smaller units. 

5. Generally, steam plant load swings should be taken in the smallest and least 
efficient unit. 

6. Establish a boiler efficiency-maintenance program. Start with an energy audit and 
follow-up, then make a boiler efficiency-maintenance program a part of your 
continuous energy management program. 

7. Use variable speed drives on large boiler combustion air fans with variable flows 
instead of damper controls. 

8. Insulate exposed hot oil tanks. 
9. Clean burners, nozzles, and strainers regularly. 
10.  Inspect oil heaters to ensure proper oil temperature. 
11.  Close burner air and/or stack dampers when the burner is off, to minimize heat loss 

up the stack. 
12.  Introduce oxygen trim controls (limit excess air to less than 10% on clean fuels). 
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(Every 5% reduction in excess air increases boiler efficiency by 1%; every 1% 
reduction of residual oxygen in stack gas increases boiler efficiency by 1%.) 

13.  Preheat combustion air with waste heat. Add an economizer to preheat boiler feed 
water using exhaust heat. 
(Every 22°C reduction in flue gas temperature increases boiler efficiency by 1%.) 

14.  Automate/optimize boiler blowdown. Recover boiler blowdown heat. 
15.  Optimize de-aerator venting to minimize steam losses. 
16.  Inspect door gaskets for leakage avoidance. 
17.  Inspect for scale and sediment on the water side. 

(Every 1mm-thick scale (deposit) on the water side could increase fuel consumption 
by 5%–8 %.) 

18.  Inspect heating surfaces for soot, fly-ash, and slag deposits on the fire side. 
(A 3mm-thick soot deposition on the heat transfer surface can cause an increase in 
fuel consumption of 2.5%.) 

19.  Optimize boiler water treatment. 
20.  Recycle steam condensate to the maximum extent. 
21.  Study part–load characteristics and cycling costs to determine the most efficient 

combination for operating multiple boiler installations. 
22.  Consider using multiple units instead of one or two large boilers, to avoid partial 

oad inefficiencies. 

The following opportunities are are connected with those previously mentioned in this 
section. 

Housekeeping EMOs: 
 Regularly check water treatment procedures. 

 Operate at the lowest steam pressure (or hot water temperature) that is 
acceptable to the demand requirements. 

 Minimize load swings and schedule demand where possible to maximize the 
achievable boiler efficiencies. 

 Check the boiler efficiency regularly. 
 Monitor and compare performance-related data to established standards 

regularly. 
 Monitor the boiler excess air regularly. 

 Keep burners in proper adjustment. 
 Replace or repair any missing or damaged insulation. 
 Periodically calibrate measurement equipment and tune the combustion control 

system. 

Low-cost EMOs: 
 Install performance monitoring equipment. 
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 Relocate the combustion air intake. 
 Add insulation. 
 Reduce boiler excess air. 

Retrofit EMOs: 
 Install an economizer. 
 Install a flue gas condenser. 

 Install a combustion air heater. 
 Incorporate a heat pump. 
 Install a new boiler. 

 Upgrade the burner. 
 Install the turbulator in the fire tube boiler. 
 Convert from oil to gas (more a financial saving than an energy saving). 

 Install an electric coil burner. 

7.4.1. Tentative boiler plant systems evaluation worksheet 
This template of evaluation worksheet could be used for data collecting for an energy audit 
of boiler plant. 

Excess air 
Measure the flue gas oxygen with a flue gas analyser. 

Oxygen content: _____%; Excess air: _____% 

Done by: __________________________ Date: _______________________ 

Is the gas content of the excess air less than 10 percent? Is the oil content of the excess 
air less than 20 percent? 

 Yes Check monthly to maintain standard. 
 No Consult a burner technician to determine whether the burner can be adjusted to 

reduce excess air. 

Done by: __________________________ Date: _______________________ 

Is the flue gas free of combustibles? 

 Yes Check monthly to maintain standard. 

 No Ensure that a burner technician adjusts the burner to eliminate combustibles. 

Done by: __________________________ Date: _______________________ 
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Flue gas heat recovery 

Measure flue gas temperature at average boiler load. 

Temperature: _____ºC; load: _____kg/h 

Done by: __________________________ Date: _______________________ 

Is the system fitted with an economizer or air heater? 

 Yes At next shutdown 
 ensure that the unit is operating and not bypassed; 
 calculate the heat recovered and compare against design; 

 check fins and tubes for damage, especially from corrosion; and 
 remove accumulated soot. 

 No Contact economizer suppliers to evaluate the potential of installing an 
economizer. 

Done by: __________________________ Date: _______________________ 

Blowdown heat recovery 

Have your water-treatment chemical supplier assess the content of dissolved solids in the 
boiler water and the frequency of blowdown? If yes: 

Blowdown rate:  _____ kg/h 
Temperature:  _____ºC 
Frequency:  every  _____ hours 

Done by: __________________________ Date: _______________________ 

Is there potential for recovering heat from the remaining blowdown water and using it for 
other purposes? 

 Yes Consult an engineer. 

 No  No action required. 

Done by: __________________________ Date: _______________________ 

Would it be a good idea to change the blowdown rate? 

 Yes Adjust the blowdown rate and frequency. 
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 No  No action required. 

Done by: __________________________ Date: _______________________ 

Example of oil fired boiler efficiency calculation: Calculate the efficiency of the boiler 
from the following data: 

Ultimate analysis (%): 
Carbon     = 84 

Hydrogen     = 12 
Nitrogen     = 0.5 
Oxygen     = 1.5 
Sulphur     = 1.5 
Moisture     = 0.5 
GCV of fuel     = 10,000 kCal/kg 
Fuel firing rate    = 2,648.125 kg/h 
Surface Temperature of boiler  = 80o C 
Surface area of boiler   = 90 m2 
Humidity     = 0.025 kg/kg of dry air 
Wind speed     = 3.8 m/s 

Flue gas analysis (%):  
Flue gas temperature   = 190o C 
Ambient temperature   = 30o C 
Co2% in flue gas by volume  = 10.8 
O2% in flue gas by volume   = 7.4 

a) Theoretical air required = [(11.6 x C) + [{34.8 x (H2 – O2/8)} + (4.35 x S)] / 100 kg/kg of 
fuel. [from fuel analysis] = [(11.6 x 84) + [{34.8 x (12 – 1.5/8)} + (4.35 x 1.5)] / 100 = 
13.92 kg/kg of oil. 

b) Excess Air supplied (EA) = x100
%O21

%O

2

2


 [from flue gas analysis] = x100

.721

7.4

4
 = 

54.4 %. 

c) Actual mass of air supplied / kg = {1 + EA/100} x theoretical air of fuel (AAS) = {1 + 
54.4/100} x 13.92 = 21.49 kg/kg of fuel. 

d) Mass of dry flue gas = Mass of (CO2 + SO2 + N2 + O2) in flue gas + N2 in air we are 

supplying = 
100

21.49x777.4x23
0.005

32

0.015x640.84x44


10012
= 21.36 kg/kg of oil. 
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Heat loss in dry flue gas (%): 

L1 
 

100x
00010

30190x230x3621
100x

GxCxV

TTxmxC

fuel

afp

,

)(.. 



 =  7.86% 

Heat loss due to evaporation of water due to H2 in fuel (%): 

L2  
     

100x
00010

30190x450584x120x9
100x

GxCxV

TTxC584xxH9

fuel

afp2

,

.. 



 = 7.08% 

Heat loss due to moisture in fuel (%): 

L3 = 
     

100x
00010

30190x450584x0050
100x

GxCxV

TTxC584Mx

fuel

afp

,

.. 



= 0.033% 

Heat loss due to moisture in air (%): 

L4 = 
 

100x
00010

30190x450x0250x3621
100x

GxCxV

TTxtyfactorxCAASxhumidi

fuel

afp

,

)(... 



= 0.38% 

Radiation and convection loss (%) = 0.548 x [ (Ts/55.55)4 – (Ta/55.55)4] + 1.957 x (Ts – 
Ta)

1.25 x sq.rt of [(196.85 Vm + 68.9) / 68.9] = 0.548 x [ (353/55.55)4 – (303/55.55)4] + 1.957 
x (353 – 303)1.25 x sq.rt of [(196.85 x 3.8 + 68.9)/68.9] = 1,303 W/m2 = 1,303 x 0.86 = 
1,120.58 kCal/m2 

Total radiation and convection loss per hour = 1,120 .58 x 90 m2 

Radiation and convection loss, % = 100x
1256482x00010

2852100

.,,

.,
 

L6 = 0.38%, normally it is assumed as 0.5 to 1 % for simplicity. 

Boiler efficiency by indirect method = 100 – (L1 + L2+ L3+ L4+ L6) = 100-(7.86 + 7.08 + 
0.033 + 0.38 + 0.38) = 100 – 15.73 = 84.27 % 

Table 4. Summary of Heat Balance for the Boiler Using Furnace Oil: 
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7.5. Steam and condensate systems 

Nearly half of the energy used by industry goes into the production of process steam, 
approximately the same total energy usage as that required to heat all the homes and 
commercial buildings. Water steam is one of the most abundant, least expensive, and most 
effective heat-transfer media obtainable.  

A steam-distribution and condensate-return system should deliver steam efficiently from 
the boiler plant to heating systems and processing equipment and return condensate to the 
boiler for re-use. Some energy is always lost from a steam and condensate system, most 
significantly in steam trap loss. Others include heat loss from piping and fittings (insulated 
and uninsulated), leaks and flash losses, condensate loss to drain and overall system 
losses. This section is intended to help you find and correct the sources of energy loss. 

Steam is used for generating power as well as for process heating applications in 
industries such as sugar, paper, fertilizer, refineries, petrochemicals, chemicals, food, 
synthetic fiber and textiles. The following characteristics of steam make it so popular and 
useful to the industry: 

 Highest specific heat and latent heat; 
 Highest heat transfer coefficient; 
 Easy to control and distribute; 
 Cheap and inert. 

Water is found everywhere, and requires relatively little modification from its raw state to 
make it directly usable in process equipment. During boiling and condensation, if the 
pressure is held constant and both water and steam are present, the temperature also 
remains constant. Further, the temperature is uniquely fixed by the pressure, and hence by 
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maintaining constant pressure, which is a relatively easy parameter to control, excellent 
control of process temperature can also be maintained. The conversion of a liquid to a 
vapor absorbs large quantities of heat in each pound of water. The resulting steam is easy 
to transport, and because it is so energetic, relatively small quantities of it can move large 
amounts of heat. This means that relatively inexpensive pumping and piping can be used 
compared to that needed for other heating media. Finally, the process of heat transfer by 
condensation, in the jacket of a steam-heated vessel, for example, is extremely efficient. 
High rates of heat transfer can be obtained with relatively small equipment, saving both 
space and capital. For these reasons, steam is widely used as the heating medium in 
thousands of industries. 

7.5.1. Important properties of steam 
a) Liquid enthalpy (also known as “Sensible Heat”): 

When water is first heated to the boiling point, it is called sensible heat addition (with 
change in temperature); liquid enthalpy (hf) is the “enthalpy” (heat energy) available when 
it is in the water form, and is typically represented in kCal/kg (or in kJ/kg). 

b) Enthalpy of evaporation (also known as “Latent Heat”): 
Once water reaches its boiling point, the enthalpy of evaporation (hfg) is the additional heat 
energy to be added to this hot water in order to change it into steam. here is no change in 
temperature during evaporation, hence the name latent heat. 

c) Saturation temperature:  
This is the temperature at which water boils (also called the boiling point). This value 
depends on the steam pressure and increases as the steam pressure increases. As the 
steam pressure increases, the useful latent heat energy in the steam (enthalpy of 
evaporation) actually decreases. 

The total heat carried by dry saturated steam or enthalpy of saturated steam is given by 
the sum of these two enthalpies (hf +hfg).  

If the heat energy added is less than required latent heat, wet steam is produced, which 
contains partial water content, and the total heat carried by such wet steam will be lower 
than that of dry saturated steam. It is detrimental to use wet steam for process and steam 
distribution. Dryness fraction is the property which tells us how dry the steam is.  

If saturated steam is heated further to a still higher temperature, it starts behaving like a hot 
gas, and this steam is called superheated steam. Superheating is the addition of heat to 
dry saturated steam without an increase in pressure. The temperature of superheated 
steam, expressed as degrees above saturation corresponding to the pressure, is known as 
the degree of superheat. 

The many advantages thar are available from steam are reflected in the significant amount 
of this type of energy that industry uses to generate it. For example, in 1994, industry in the 
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EU-15 used about 5,988 PJ of steam energy, which represented about 34% of the total 
energy used in industrial applications for product output. Some examples of the energy 
used to generate steam in different industries is shown in Table. 5. 

Table 5. Use of steam in several industries [1]. 
Industry Energy to generate steam 

(PJ) 
Percentage of the total energy 

used by this industry 
Pulp and paper 2,318 83% 
Chemicals 1,957 57% 
Petroleum refining 1,449 42% 

7.5.2. Components of Steam and Condensate Systems 
Industrial steam systems can include generation, distribution, end use, and recovery 
components, as shown in the Figure 14. End-use equipment includes heat exchangers, 
turbines, fractionating towers, strippers, and chemical reaction vessels. Steam systems 
can also feature superheaters, combustion air preheaters, feedwater economizers, and 
blowdown heat exchangers to boost system efficiency. 

The boiler, or steam generator, produces steam at the highest pressure (and therefore the 
highest temperature) required by the various processes. This steam is carried from the 
boiler house through large steam mains to the process equipment area. Here, transfer 
lines distribute the steam to each piece of equipment. If some processes require lower 
temperatures, the steam may be throttled to lower pressure through a pressure-regulating 
valve or through a back-pressure turbine. 

Steam traps located on the equipment allow condensate to drain back into the condensate 
return line, where it flows back to the condensate receiver. Steam traps also perform other 
functions, such as venting air from the system on startup, which is discussed in more detail 
later. 
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Fig. 14. Components of Steam and Condensate Systems. 

The system shown in Figure 14 is, of course, highly idealized. In addition to the 
components shown,other elements, such as strainers, check valves, and pumping traps 
may be utilized. In some plants, condensate may be simply released to a drain and not 
returned. 

7.5.3. Steam Traps and their application 
Steam traps are important elements of steam and condensate systems, and may represent 
a major energyconservation opportunity (or problem, as the case may be). The basic 
function of a steam trap is to allow condensate formed in the heating process to be drained 
from the equipment. This must be done speedily to prevent backup of condensate in the 
system. Inefficient removal of condensate produces two adverse effects.  

First, if condensate is allowed to back up in the steam chamber, it cools below the steam 
temperature as it gives up sensible heat to the process and reduces the effective potential 
for heat transfer. Since condensing steam is a much more effective heat-transfer medium 
than stagnant liquid, the area for condensation is reduced, and the efficiency of the heat-
transfer process is deteriorated. This results in longer cycle times for batch processes or 
lower throughput rates in continuous heating processes. In either case, inefficient 
condensate removal almost always increases the amount of energy required by the 
process. 



Programme “Energy Efficiency and Green Economy” (BEECIFF) 
Energy Efficiency and Energy Management Handbook 

 

 73

A second reason for efficient removal of condensate is the avoidance of “water hammer” in 
steam systems. This phenomenon occurs when slugs of liquid become trapped between 
steam packets in a line. The steam, which has a much larger specific volume, can 
accelerate these slugs to high velocity, and when they impact on an obstruction, such as a 
valve or an elbow, they produce an impact force not unlike hitting the element with a 
hammer (hence the term). Water hammer can be extremely damaging to equipment, and 
proper design of trapping systems to avoid it is necessary. 

The second crucial function of a steam trap is to facilitate the removal of air from the steam 
space. Air can leak into the steam system when it is shut down, and some gas is always 
liberated from the water in the boiling process and carried through the steam lines. Air 
mixed with steam occupies some of the volume that would otherwise be filled by the steam 
itself. Each of these components, air and steam, contributes its share to the total pressure 
exerted in the system; it is a fundamental thermodynamic principle that, in a mixture of 
gases, each component contributes to the pressure in the same proportion as its share of 
the volume of the space. In fact, on a real heating surface, as air and steam move adjacent 
to the surface, the steam is condensed out into a liquid, while the air stays behind in the 
form of vapor. In the region very near the surface, therefore, the air occupies an even 
larger fraction of the volume than in the steam space as a whole, acting effectively as an 
insulating blanket on the surface. Suffice it it say that air is an undesirable parasite in 
steam systems, and its removal is important for proper operation. Oxygen and carbon 
dioxide, in particular, have another adverse effect, and this is corrosion in condensate and 
steam lines. Oxygen in condensate produces pitting or rusting of the surface, which can 
contaminate the water, making it undesirable as boiler feed, and CO2 in solution with water 
forms carbonic acid, which is highly corrosive to metallic surfaces. These components 
must be removed from the system, partially by good steam trapping and partially by proper 
deaeration of condensate. 

Various types of steam traps are available on the market, and the selection of the best trap 
for a given application is an important one. Many manufacturers produce several types of 
traps for specific applications, and manufacturers’ representatives should be consulted in 
arriving at a choice. 

Steam traps may be generally classified into three groups: mechanical traps, which work 
on the basis of the density difference between condensate and steam or air, Fig. 15; 
thermostatic, which use the difference in temperature between steam, which stays close to 
its saturation temperature, and condensate, which cools rapidly, Fig. 16 and Fig. 17; and 
thermodynamic, which functions on the difference in flow properties between liquids and 
vapors, Fig. 18. 
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Figure 15. Mechanical Steam Trap (also known as “Float Trap” or “Bucket Trap”). 

 

Figure 16. Thermostatic Steam Trap. 
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Figure 17. Float and Thermostatic Steam Trap. 

 

 

Figure 18. Thermodynamic (disk) Steam Trap. 
 

7.5.4. Energy Conservation Opportunities in Steam Systems 
Making steam systems more efficient throughout industry could reduce annual plant 
energy costs by million EURs and environmental emissions by millions of metric tons. 
About 80% of the energy used in the pulp and paper industry goes to generate steam, and 
steam systems consume about half of the energy used in the chemicals and petroleum 
refining industries. Typically, plants that assess their steam systems in these industries and 
others uncover potential steam system energy use and cost savings that range from 10% 
to 15% per year. 
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Typical Ways to Increase Steam System Efficiency 
Generation: 
 Minimize excess combustion air 
 Clean boiler heat transfer surfaces 
 Consider high-pressure boilers with backpressure turbine generators 
 Improve water treatment to minimize boiler blowdown 
 Add or restore boiler refractory 
 Optimize the deaerator vent rate 

Distribution: 
 Repair steam leaks 
 Minimize vented steam 
 Ensure that piping, valves, fittings, and vessels are well insulated 
 Implement a steam-trap maintenance program 
 Isolate steam from unused lines 
 Use backpressure turbines instead of pressure-reducing valves 

  Recovery: 
 Optimize condensate recovery 
 Use high-pressure condensate to make low-pressure steam 
 Install heat recovery equipment such as feedwater and condensing economizers 
 Recover energy from boiler blowdown 
 Recover thermal energy from wastewater streams 

Many opportunities for energy savings exist in steam system operations, ranging from 
simple operating procedure modifications to major retrofits requiring significant capital 
expenditures. Table 6 shows a checklist of energy conservation opportunities applicable to 
most steam systems. It is helpful for energy conservation managers to maintain such a 
running list applicable to their own situations. Ideas are frequently presented in the 
technical and trade literature, and plant operators often make valuable contributions, since 
after all, they are the people closest to the problem. 

Table 6. Checklist of Energy Conservation Opportunities in Steam  
and Condensate Systems 

General Operations 
1. Review operation of long steam lines to remote single-service applications. Consider 
relocation or conversion of remote equipment, such as steam-heated storage tanks. 
2. Review operation of steam systems used only for occasional services, such as winter-
only steam tracing lines. 
Consider use of automatic controls, such as temperature-controlled valves, to assure that 
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the systems are used only when needed. 
3. Implement a regular steam leak survey and repair program. 
4. Publicize to operators and plant maintenance personnel the annual cost of steam leaks 
and unnecessary equipment operations. 
5. Establish a regular steam-use monitoring program, normalized to production rate, to 
track progress in reduction of steam consumption. Publicize on a monthly basis the results 
of this monitoring effort. 
6. Consider revision of the plant-wide steam balance in multipressure systems to eliminate 
venting of low-pressure steam. 
For example, provide electrical backup for currently steam-driven pumps or compressors to 
permit shutoff of turbines when excess low-pressure steam exists. 
7. Check actual steam usage in various operations against theoretical or design 
requirement. Where significant disparities exist, determine the cause and correct it. 
8. Review pressure-level requirements of steam-driven mechanical equipment to evaluate 
feasibility of using lower pressure levels. 
9. Review temperature requirements of heated storage vessels and reduce to minimum 
acceptable temperatures. 
10. Evaluate production scheduling of batch operations and revise if possible to minimize 
startups and shutdowns. 

Steam Trapping 
1. Check sizing of all steam traps to assure they are adequately rated to provide proper 
condensate drainage. Also review 
types of traps in various services to assure that the most efficient trap is being used for 
each application. 
2. Implement a regular steam trap survey and maintenance program. Train maintenance 
personnel in techniques for 
diagnosing trap failure. 

Condensate Recovery 
1. Survey condensate sources presently being discharged to waste drains for feasibility of 
condensate recovery. 
2. Consider opportunities for flash steam utilization in low-temperature processes presently 
using first-generation steam. 
3. Consider pressurizing atmospheric condensate return systems to minimize flash losses. 

Mechanical Drive Turbines 
1. Review mechanical drive standby turbines presently left in the idling mode and consider 
the feasibility of shutting down 
standby turbines. 
2. Implement a steam turbine performance testing program and clean turbines on a regular 
basis to maximize efficiency. 
3. Evaluate the potential for cogeneration in multipressure steam systems presently using 
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large pressure-reducing valves. 
Insulation 

1. Survey surface temperatures using infrared thermometry or thermography on insulated 
equipment and piping to locate 
areas of insulation deterioration. Maintain insulation on a regular basis. 
2. Evaluate insulation of all uninsulated lines and fittings previously thought to be 
uneconomic. Recent rises in energy 
costs have made insulation of valves, flanges, and small lines desirable in many cases 
where this was previously unattractive. 
3. Survey the economics of retrofitting additional insulation on presently insulated lines, 
and upgrade insulation if economically feasible. 

7.5.5. Tentative steam and condensate systems evaluation worksheet 
Redundant piping 

Examine updated plant piping drawings, if available, or walk through the facility and look 
for opportunities to rationalize and streamline the steam and condensate network (SCN). 

Did you find any unused, redundant piping? 

 Yes First, ensure that the piping can be isolated from the rest of the system. Then  
plan on removing the parts that are no longer required. 

 No No action required. 

Done by: __________________________ Date: _______________________ 
 

Is the SCN optimized relative to location of the steam-using equipment, pipe sizing and 
steam delivery requirements? 

 Yes No action required. 
 No Have a qualified contractor redesign the SCN to optimize it. If required,  

consider localization of steam generation/delivery closer to steam-using 
equipment. 

Done by: __________________________ Date: _______________________ 
 

Steam leaks 
Walk through the facility with appropriate detection equipment (e.g. ultrasonic detector, 
listening rods, pyrometer, stethoscope) and look and listen for steam leaks 

Did you find any leaks? 
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 Yes Estimate the steam loss from leaks. Arrange to repair all leaks at the first  
opportunity. 

 No Check monthly to maintain standard. 

Done by: __________________________ Date: _______________________ 

Can you tell whether any steam is escaping from steam traps and valves? 

 Yes If steam is escaping, have the leaks repaired as soon as possible. 
 No Verify correct function by having a qualified contractor or a representative 

from the manufacturer of your steam traps and valves check the system with 
an ultrasonic leak detector. 
If no steam is escaping, check monthly to maintain standard. 

Done by: __________________________ Date: _______________________ 

Insulation 
Walk through the facility and note the existence and condition of pipe insulation. 

Are steam pipes insulated? 

 Yes No action required. 
 No Have an economic thickness of insulation installed at the first opportunity. 

Done by: __________________________ Date: _______________________ 
 
Is insulation dry? 

 Yes Check monthly to maintain standard. 
 No Locate the source of the moisture and correct the problem – for example, if  

the pipe is leaking, repair it. 
Replace the insulation. 

Done by: __________________________ Date: _______________________ 
 
Are the insulation, vapour barrier and jacket intact? 

 Yes Check monthly to maintain standard. 
 No Replace damaged material. 

Done by: __________________________ Date: _______________________ 

Is there a more effective insulation material available? 
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 Yes Evaluate the economics of replacing present insulation with another type. 
Consult with an unbiased professional. 

 No No action required. 

Done by: __________________________ Date: _______________________ 

Is the insulation thick enough? (Insulation should be cool to the touch.)  

 Yes No action required. 
 No Consider adding more insulation (consult the manufacturer or an insulation  

contractor for advice on whether increasing the amount would be 
economical). 

Done by: __________________________ Date: _______________________ 

Note: Add further questions to this evaluation worksheet that are specific to your facility. 
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8. Heating, cooling, ventilating and air-conditioning systems 
 
The primary purpose of the heating, ventilating, and air-conditioning (HVAC) system in a 
building is to regulate the dry-bulb air temperature, humidity and air quality by adding or 
removing heat energy. Due to the nature of the energy forces which play upon the building 
and the various types of mechanical systems which can be used in non-residential 
buildings, there is very little relationship between the heating or cooling load and the 
energy consumed by the HVAC system.  

The fundamentals of heating are based on basic physical principles commonly related to 
the knowledge of thermodynamics. Energy quality and the basics of heat transfer are other 
important topics to be considered. Heat transfer (or heat) is thermal energy in transit due to 
a temperature difference. Heat transfer occurs when heat is flowing from body A at higher 
temperature to body B at lower temperature until the bodies A and B are in thermal 
equilibrium. The temperature difference is the driving force of heat transfer to be compared 
with electrical potential voltage. Heat transfer may occur in three different modes - 
conduction, convection and radiation illustrated in Figure 19. These modes are important 
when discussing heat systems and measures connected. 

Conduction is the physical contact of a cooler object with a hotter object. In cooking, this 
would be using a pan to sear meat or scramble eggs. Thermal energy is transferred to the 
food via contact with the hot pan. 

  

Convection is heat transfer using a hot gas or liquid flowing around a cooler object. In 
cooking, this would include a convection oven (hot air), boiling (hot water), and frying (hot 
oil). The greater the capacity of the fluid or gas to carry thermal energy, the faster the 
process (frying is much faster than convection air baking).  

Radiation is heat transfer by radiant heat from a hot object to a cooler object through 
space. In cooking, the broiler is largely radiant heat transfer. 
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Figure 19. Conduction, convection and radiation heat transfer modes, respectively. 

The mechanical heating or cooling load in a building is dependent upon the various heat 
gains and losses experienced by the building including solar and internal heat gains and 
heat gains or losses due to transmission through the building envelope and infiltration (or 
ventilation) of outside air. Facilities are served by many different kinds of HVAC systems, 
both for human comfort and to meet process requirements. HVAC systems are generally 
designed to compensate for heat loss and heat gain and to provide ventilation and control 
of temperature and humidity. 

An energy management program for an HVAC system should begin with an assessment of 
the established HVAC systems to determine their type, function and operating procedures. 
This assessment will help identify areas of energy waste and opportunities to improve 
efficiency.  

Since HVAC systems vary widely from plant to plant, performance improvements and 
energy cost savings will also vary widely. Three important factors determine the energy 
use of an HVAC system: 

 the required indoor thermal quality and air quality; 
 the internal heat generation from lighting and equipment; and 
 the design and layout of the building. 

Aspects of HVAC and building design cannot really be dealt with separately since they 
affect one another. In some cases, more energy cost savings will be realized from HVAC 
improvements than from any other improvements made in the facility. 

The first stage of any effective energy management program is an energy audit of the 
facility in question. In surveying the HVAC system(s) in a facility, the first step is to find out 
what you have to work with: what equipment and control systems exist. It is usually 
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beneficial to divide the HVAC systems into two categories: equipment and systems which 
provide heating and cooling, and equipment and systems which provide ventilation. It is 
essential to fully document the type and status of all equipment from major components 
including boilers, chillers, cooling towers and air-handling units to the various control 
systems: thermostats, valves and gauges, whether automated or manual; in order to later 
determine what elements can be replaced or improved to realize a saving in energy 
consumed by the system. 

The second step is to determine how the system is operating. This requires that someone 
measure the operating parameters to determine whether the system actually operates as it 
was specified to operate. Determine the system efficiency under realistic conditions. This 
may be significantly different from the theoretical, or full-load efficiency. Determine how the 
system is operated. What are the hours of operation? Are changes in system controls 
manual or automatic? Find out how the system is actually operated, which may differ from 
how the system was designed to be operated. It is best to talk to operators and/or users of 
the system who know a lot more about how the system operates than the engineers or 
managers. If the system is no longer operating at design conditions, it is extremely useful 
to determine what factors are responsible for the change. Potential causes of operational 
changes are modifications in the building or system and lapses in maintenance. Have there 
been structural or architectural changes to the building without corresponding changes to 
the HVAC system? Have there been changes in building operations? Is the system still 
properly balanced? Has routine maintenance been performed? Has scheduled 
preventative maintenance been performed?  

Finally, it is useful to determine whether the system can or should be restored to its initial 
design conditions. If practical, it may be beneficial to carry out the needed maintenance 
before proceeding to analyze the system for further improvements. However, some older 
systems are so obviously inefficient that bringing them back to original design parameters 
is not worth the time or expense. Document everything. Only when you have a full record 
of what the system consists of, how it is operating and how it is operated, and what 
changes have been made and will be made in the future, can you properly evaluate the 
benefit of energy conservation techniques which may be applicable to a particular building 
system. 

8.1. Factors for proper handling of heating/cooling equipment 

8.1.1. Cleanliness of heat transfer surfaces 
Steam-heated and water-cooled equipment performs many important process functions, 
and efficient heating and cooling of process equipment depends on several factors [8]: 

 unimpeded heat transfer, both from the steam to the process and from the 
process to the cooling water, which requires clean heat-transfer surfaces and 
exclusion of air and condensate from steam; 
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 rapid removal of condensate from process equipment; 
 control of heat losses and gains from process equipment; 
 use of process equipment only when necessary; and 
 prompt detection and repair of steam and water leaks. 

The surfaces between the steam and the product being heated should be kept as clean as 
possible. Buildup of scale on the steam side or sludge on the process side dramatically 
reduces the efficiency of heat transfer. In water-cooled equipment, buildup on heat-transfer 
surfaces causes similar problems. 

The sign of this condition in a heating system is an increase in steam pressure; in a cooling 
system, it is an increase in the flow rate of cooling water. In both cases, the system is 
working to overcome the reduction in heat-transfer efficiency caused by scale or sludge. 

Even on small boilers, the prevention of scale formation can produce substantial energy 
savings. Scale deposits occur when calcium, magnesium, and silica, commonly found in 
most water supplies, react to form a continuous layer of material on the waterside of the 
boiler heat exchange tubes. 

Scale creates a problem because it typically possesses a thermal conductivity an order of 
magnitude less than the corresponding value for bare steel. Even thin layers of scale serve 
as an effective insulator and retard heat transfer. The result is overheating of boiler tube 
metal, tube failures, and loss of energy efficiency. Fuel waste due to boiler scale may be 
2% for water-tube boilers and up to 5% in fire-tube boilers. Energy losses as a function of 
scale thickness and composition are given in the table below. 

Table 7. Energy losses as a function of scale thickness. 
Energy Loss Due to Scale Deposits 

Scale Thickness, 
mm 

Fuel Loss, % of Total Use 
Scale Type 

“Normal” High Iron Iron Plus 
Silica 

0.04 1.0 1.6 3.5 
0.08 2.0 3.1 7.0 
0.12 3.0 4.7 - 
0.16 3.9 6.2 - 

Note: “Normal” scale is usually encountered in low-pressure applications. The high iron 
and iron plus silica scale composition results from high-pressure service conditions. On 
well-designed natural gas-fired systems, an excess air level of 10% is attainable. An often 
stated rule of thumb is that boiler efficiency can be increased by 1% for each 15% 
reduction in excess air or 4.4°C reduction in the stack gas temperature. 
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8.1.2. Insulating heating and cooling equipment 
Bare or improperly insulated steam pipes are a constant source of wasted energy because 
they radiate heat to the surroundings instead of transporting it to steam-using equipment. 
The heat losses reduce the steam pressure at the terminal equipment. This situation 
increases the boiler load because extra steam is required to make up the losses. 

All steam pipes should be inspected frequently. Uninsulated steam pipes should be 
insulated, and the insulation should be inspected and replaced when damaged. Loose-fibre 
insulation (e.g. mineral and glass fibre, cellulose) loses effectiveness when wet, and 
outdoor pipes are particularly vulnerable to moisture. Therefore, pipe inspections should 
cover vapour barriers and weatherproof jackets. 

Uninsulated heating equipment increases the load on the steam system, which must make 
up for the heat loss to the surroundings. Applying insulation to the exterior surface of 
heating equipment reduces the rate of heat loss to the surroundings. Uninsulated cooling 
equipment similarly increases cooling load because the cooling system must also remove 
heat gained from the environment. Applying insulation to the exterior surfaces of the 
equipment reduces the rate of heat transfer from surroundings.  

The economic thickness of insulation for steam pipes (i.e. the best compromise between 
the cost of insulation and the potential savings in energy) is based on the size of the pipe 
and the temperature of the environment. However, energy loss is not restricted to the 
piping system. Process equipment and terminal heating units can also represent a major 
source of energy loss. 

8.1.3. Reduce humidification requirements 
The ultimate objective of any heating, cooling and ventilating system is typically to 
maximize human thermal comfort. Due to the prevalence of simple thermostat control 
systems for residential and small-scale commercial HVAC systems, it is often believed that 
human thermal comfort is a function solely, or at least primarily, of air temperature. But this 
is not the case.  

All living creatures generate heat by burning food, a process known as metabolism. Only 
20 percent of food energy is converted into useful work; the remainder must be dissipated 
as heat. This helps explain why we remain comfortable in an environment substantially 
cooler than our internal temperature of nearly 37°C.  

In addition to air temperature, humidity, air motion and the surface temperature of 
surroundings all have a significant influence on the rate at which the human body can 
dissipate heat. At temperatures below about 27°C most of the body’s heat loss is by 
convection and radiation. Convection is affected mostly by air temperature, but it is also 
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strongly influenced by air velocity. Radiation is primarily a function of the relative surface 
temperature of the body and its surroundings.  

At temperatures above 27°C the primary heat loss mechanism is evaporation. The rate of 
evaporation is dependent on the temperature and humidity of the air, as well as the velocity 
of air which passes over the body carrying away evaporated moisture.  

Modem control systems for HVAC systems can respond to more than just the air 
temperature. One option which has been around for a long time is the humidistat, which 
senses indoor humidity levels and controls humidification. However, state-of-the-art control 
systems can measure operative temperature, which is the air temperature equivalent to 
that affected by radiation and convection conditions of an actual environment. Operative 
temperature is technically defined as the uniform temperature of an imaginary enclosure 
with which an individual exchanges the lame heat by radiation and convection as in the 
actual environment. 

The amount of humidification required in an industrial environment is usually dictated by 
the process and may require considerable energy. In winter, it takes 14.6 kW of energy to 
increase the humidity of 1 m3 of outdoor air to 40% relative humidity at 21°C. 

 Examine current humidification levels for human comfort and production 
requirements. Can they be lowered? 

 Make frequent cleaning and monitoring of water used for humidification a part of 
routine maintenance to ensure efficient operation and to avoid damage to other 
HVAC components. 

 Consider using high-pressure water atomization instead of compressed air 
humidification for substantial energy savings (e.g. a company replaced a 140-hp 
compressor dedicated to humidification with a 7.5-hp pump required for 
atomization). 

In general terms, thermal comfort can be achieved at air temperatures between about 18°C 
and 29°C, and relative humidities between 30% and 70%, under varying air velocities and 
radiant surface temperatures. However it should not be forgotten that human thermal 
comfort is a complex function of temperature, humidity, air motion, thermal radiation from 
local surroundings, activity level and amount of clothing. 
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Figure 20. Summer and winter comfort zones. 

8.2. Energy management opportunities  

For most plants, warehouses and offices that operate less than 24 hours per day or seven 
days per week, energy savings can be realized from temperature setbacks and reductions 
in ventilation rates. Depending on the complexity of the HVAC system, implementing an 
energy management system may be as simple as installing programmable thermostats or 
as elaborate as installing full direct digital controls. 

8.2.1. Cost-reduction measures 
One of the major sources of waste is heating or cooling excess amounts of outdoor air. 
Excess outdoor air enters buildings by infiltration and through HVAC systems. Reducing 
heat gain in air-conditioned spaces will reduce the energy used for cooling. Heat gain can 
be reduced by the following measures: 

 Improve building fabric (e.g. insulation, solar shading). 
 Shield the building with shade trees. 
 Reduce lighting where possible (i.e. upgrade the lighting system). 
 Consider increased use of daylighting (particularly northern light). 
 Add insulation to hot surfaces. 
 Isolate heat-generating equipment and provide local exhaust and make-up air. 
 Block unneeded windows. 

Reducing losses of space heat saves heating energy and leads to improved working 
conditions and higher worker productivity. Where they apply, the following measures work 
well: 
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 Improve building insulation. 
 Insulate cold conduits such as pipes and ducts. 
 Block unneeded windows. 
 Upgrade windows and doors (see tip at left). 
 Control air leakage out of the facility (exfiltration). 

8.2.2. Other low-cost EMOs 
 Install self-regulating controls for the lighting and ventilation systems. 
 Interconnect the controls for spaces with separate heating and cooling systems 

to prevent simultaneous heating and cooling. 
 Install load analysers in the controls of multi-zone and dual duct systems to 

optimize hot and cold deck temperatures. 
 Install load analysers in the controls of terminal reheat systems to optimize the 

supply air temperature and minimize the reheat load. 
 Install time clocks to shut down the air system or switch to 100 percent 

recirculation when the space served is unoccupied. 
 Install control interlocks to shut down heating or cooling system pumps when no 

output is required. 
 Install economizer controls on the central air handling system to use outdoor air 

to replace refrigerated cooling when appropriate. 
 Add automatic control valves at unit heaters and fan-coil heaters to shut off the 

flow of water or steam when fans are not running. 
 Consider installing variable-speed drives to a centrifugal chiller - savings of up to 

40% versus a conventional chiller may be possible. 
 Provide lockable covers on automatic controls and thermostats to prevent 

unauthorized adjustment or tampering. 

8.2.3. Other retrofit EMOs 
Typical measures for a heating system may be [9]: 

 Exchanging of manual steam valves for heating with steam control valves 
integrated with temperature control circuit 

 Installation of flow control of hot water circulating system  
 Keep tap water heat system and heating system separate 
 Increasing of the steam condensate return from process and air heaters (saves 

typically 80 kWh/tonnes condensate returned) 
 Identification and elimination of steam leaks 
 Insulation of steam piping and valves etc. 
 Maintenance of steam traps 
 Controlling of the return temperature in hot water circulating system 
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The need for steam should be kept to an absolute minimum. A steam leakage giving a soft 
whistling noise and a hardly visible steam cloud gives a loss of around 1 kg(steam)/hour or 
about 5.5 MWh/year equal to about 800 Nm3(natural gas)/year. 

An increased condensate return of 1 ton/hour saves about 600 MWh/year equal to about 
90,000 Nm3(natural gas)/year. For low temperature heating, hot water circulating system 
may be used giving possibility to keep a high thermal efficiency in a boiler introducing 
additional economiser heat surfaces. 

8.3. Cooling systems 

Chillers and refrigerating machines basically absorb heat (low temperature) and, after a 
specific process, reject heat (high temperature). Typically they are used in industries but 
also in households and building applications. Sectors with a huge cooling demand are the 
food industry, the chemical industry as well as the glass and plastic industry. 

The principle of such a machine is that a refrigerant is conveyed from the liquid storage 
(temperature and pressure of the condenser) through a expansion device and an 
evaporator into the compressor and finally to the condenser. During this circle application 
the refrigerant changes its state of aggregation. Passing through the expansion device the 
refrigerant (state of aggregate: saturated liquid) reduces its pressure and the temperature 
goes down. In the evaporator heat is extracted from the cooling reservoir (which includes 
the medium to be cooled). 

For chilled water systems, several options exist: 
 Cooling towers and plate-type heat exchangers can be installed. 
 Increasingly, the application of ground-source heat pumps may provide the most 

efficient system with several side benefits. 

Free cooling in the form of economizers for rooftop units and air-handling systems can be 
used to eliminate the need for refrigeration in winter. 

Meanwhile many types of refrigerants are available on the market. The selection of the 
refrigerant depends on the type of compressor and the application requirements. But 
refrigerants also have impacts on the environment in terms of ozone depletion potential 
and global warming potential. To reduce such negative impacts many countries already 
regulate or prohibit the usage of some refrigerants (e.g. R 22). A list of the most common 
refrigerants can be found below: 

Table 8. Energy saving potential [10]. 

№ Refrigerant Ozon depletion potential (OPP) Global warming potential (GWP) 
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1 R 22 0.05 1,700 

2 R 134a 0 1,300 

3 R 404a 0 3,800 

4 R 407c 0 1,525 

5 R 717 0 0 

Analysing the saving potentials in cooling systems shows that an overall system 
optimisation is the most effective option to reduce energy consumption. Based on an 
optimised system design further measures can lead to additional energy savings. 

Table 9. Energy saving potential [10]. 

Measures Saving potential 

System optimisation 8 – 10 % 

Maintenance 4 – 8 % 

Insulation 5 – 8 % 

Heat recovery 80% of heat 

Efficient motors 2 – 6 % 

Correct usage and avoidance of low temperature 3 – 15 % 
 

8.3.1. Refrigeration 
Refrigeration is now part of our way of life. It would be inconceivable for it to be any other 
way. It has even become an essential ingredient and a "sine qua non" in improving our 
quality of life. 

Industry uses refrigeration for storage and for processing. The main purpose of a 
refrigerating system is to remove heat from a process and discharge it to the surroundings. 

The cooling chain enables the storage, transport and use of food items in ideal hygienic 
conditions, reducing losses and waste. Refrigeration of essential medical products such as 
vaccines and blood, is often indispensable for ensuring their preservation. Refrigeration of 
technical equipment such as large computers systems, through to the most sophisticated 
medical equipment (RMN for example), is also crucial. 
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Chillers and refrigerating machines basically absorb heat (low temperature) and, after a 
specific process, reject heat (high temperature). Typically they are used in industries but 
also in households and building applications. Sectors with a huge cooling demand are the 
food industry, the chemical industry as well as the glass and plastic industry. 

The principle of such a machine is that a refrigerant is conveyed from the liquid storage 
(temperature and pressure of the condenser) through a expansion device and an 
evaporator into the compressor and finally to the condenser. During this circle application 
the refrigerant changes its state of aggregation. Passing through the expansion device the 
refrigerant (state of aggregate: saturated liquid) reduces its pressure and the temperature 
goes down. In the evaporator heat is extracted from the cooling reservoir (which includes 
the medium to be cooled). Thermal insulation using high-efficiency HFC blown foams 
reduces energy consumption of the refrigeration installations.  

Refrigeration applications vary widely in size and temperature level. Domestic refrigerators 
require 60 to 140 watts of electrical power and contain 40 to 180 grams of refrigerant. 
Industrial and cold storage refrigeration systems have power requirements up to several 
megawatts and contain thousands of kilograms of refrigerant. 

Refrigeration temperature levels range from +15 to –70 degrees Centigrade. Potential 
market size for these equipments may approach EUR 100,000 million annually. 

The following table summarizes the various types of refrigeration, and the 
hydrofluorocarbons (HFCs) used in each application. 

Table 10. Refrigeration Applications 

Refrigeration 
application 

Short description 
Typical HFCs used

Domestic Refrigeration 
Appliances used for keeping food in 
dwelling units. 

HFC-134a 

Commercial Refrigeration 
Holding and displaying frozen and 
fresh food in retail outlets 

R 404A, R 507, HFC-
134a 

Food Processing and 
Cold Storage 

Equipment to preserve, process and 
store food from its source to the 
wholesale distribution point 

R410A, R407C, R 
507, HFC-134a 

Industrial Refrigeration 

Large equipment, typically 25 kW to 
30 MW, used for chemical 
processing, cold storage, food 
processing and district heating and 
cooling 

HFC-134a, R-404A, 
R-507 

Transport Refrigeration 
Equipment to preserve and store 
goods, primarily foodstuffs, during 

R410A, R407C, HFC-
134a 
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transport by road, rail, air and sea 

It is commonly found that refrigeration systems in service are using 20 percent more 
energy than they should. An energy management program for a refrigeration system 
should begin with an assessment of the local temperatures, process requirements, 
refrigeration equipment and systems to identify areas of energy waste and opportunities to 
improve efficiency. In refrigeration, there are only a few basic ways to save energy, and the 
following questions should be asked: 

 Can we do away with some refrigeration needs? 
 Can we remove/reduce some of the refrigeration loads? 
 Can we raise the refrigeration temperatures? 
 Can we improve the way the refrigeration plant operates? 
 Can we reclaim waste heat? 

8.3.2. Safety classification of refrigerants 
The safety classification consists of two alphanumeric characters (e.g. A2) - the capital 
letter corresponds to toxicity and the digit to flammability. 

Toxicity classification. 
Refrigerants are divided into two groups according to toxicity: 

Class A signifies refrigerants for which toxicity has not been identified at concentrations 
less than or equal to 400 ppm; 

Class B signifies refrigerants for which there is evidence of toxicity at concentrations below 
400 ppm. 

Flammability classification. 
Refrigerants are divided into three groups according to flammability:  

Class 1 indicates refrigerants that do not show flame propagation when tested in air at 
21°C and 101 kPa; 

Class 2 indicates refrigerants having a lower flammability limit of more than 0.10 kg/m3 at 
21°C and 101 kPa and a heat of combustion of less than 19 kJ/kg; 

Class 3 indicates refrigerants that are highly flammable as defined by a lower flammability 
limit of less than or equal to 0.10 kg/m3 at 21°C and 101 kPa or a heat of combustion 
greater than or equal to 19 kJ/kg. 

Mixtures. 
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Mixtures, whether zeotropic or azeotropic, with flammability and/or toxicity characteristics 
which may change as the composition changes during fractionation, shall be assigned a 
safety group classification based on the worst case of fractionation. Example: R404A is 
classified A1. 

Table 11. Classification of main refrigerants. 

8.3.3. Chillers 
A chiller is a machine that removes heat from a liquid via a vapor-compression or 
absorption refrigeration cycle. This liquid can then be circulated through a heat exchanger 
to cool air or equipment as required. 

Although refrigeration can be accomplished by various means, it is the compression cycle 
that is most commonly used. Simply stated, when changing the refrigerant’s pressure, its 
state will change to either liquid or vapor. The change in state causes the refrigerant to 

Refrigerant 
Number 

Name Composition or 
chemical formula 

Safety 
classification

  (mass percentage)  
INORGANIC COMPOUND 

R-717 ammonia NH3 B2 
R-718 water H2O A1 
R-744 carbon dioxide CO2 A1 

ORGANIC COMPOUND 
Hydrocarbons 

R-290 propane CH3CH2CH3 A3 
R-600 butane CH3CH2 CH2CH3 A3 
R-600a isobutane CH(CH3)2CH3 A3 
R-1270 propylene CH3CH=CH2 A3 

Hydrofluorocarbons (HFCs) 
R-32 difluoromethane CH2F2 A2 
R-125 pentafluoroethane CHF2CF3 A1 
R-134a 1,1,1,2-tetrafluoroethane CH2FCF3 A1 
R-143a 1,1,1-trifluoroethane CH3CF3 A2 
R-152a 1,1-difluoroethane CH3CHF2 A2 

Azeotropic mixtures 
R-502  R22/R115 (48.8/51.2) A1 
R-507  R125/R143a (50/50) A1 

Zeotropic mixtures 
R-404A 

 
R125/R143a/R134a 
(44/52/4) 

A1 

R-407C 
 

R32/R125/R134a 
(23/25/52) 

A1 

R-410A  R32/R125 (50/50) A1 
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absorb or discharge heat. So there are two pressures existing in a refrigeration system - 
the evaporating (low pressure) and condensing (high pressure).  

Chiller operation is based upon the refrigerating cycle and understanding this cycle is 
necessary. In the refrigerating cycle, heat from air passing over the cooling coils raises the 
water temperature which is circulated through the evaporator. The heat of such passes 
through the chiller coils, raises the temperature of the liquid refrigerant to it's boiling point 
and evaporates it into a gas. 

Note: One ton of refrigeration is the rate of heat removal which will produce one ton of ice 
from water at 00 C in 24 hours. 

Thermodynamic heat pump cycles or refrigeration cycles are the conceptual and 
mathematical models for heat pumps and refrigerators. A heat pump is a machine or 
device that moves heat from one location (the 'source') at a lower temperature to another 
location (the 'sink' or 'heat sink') at a higher temperature using mechanical work or a high-
temperature heat source. Thus a heat pump may be thought of a "heater" if the objective is 
to warm the heat sink (as when warming the inside of a home on a cold day), or a 
"refrigerator" if the objective is to cool the heat source (as in the normal operation of a 
freezer). In either case, the operating principles are identical. Heat is moved from a cold 
place to a warm place. 

A thermostatic expansion valve controls the amount of high-pressure liquid refrigerant 
entering the evaporator. As the refrigerant passes through the orifice of the valve, the 
pressure is reduced, causing it to vaporize and absorb heat. The compressor takes the 
low-pressure vapor and increases both it’s pressure and temperature. This hot, high-
pressure gas is forced out the compressor discharge valve and into the condenser where 
is it cooled by either air or water. As heat is removed, it condenses to a liquid and the cycle 
starts again.  

The main components to perform this task are the evaporator, compressor and condenser 
and thus further explanation of their function and the types of components available is 
warranted. To understand, it is necessary to know the three main equipment components 
(Figure 21). 



Programme “Energy Efficiency and Green Economy” (BEECIFF) 
Energy Efficiency and Energy Management Handbook 

 

 95

 
Figure 21. Schematic diagram of the components of a typical vapour-compression 

refrigeration system. 

Evaporator. Removes heat from air passing over the air system cooling coils. The 
evaporator consists of a series of coils, in which the liquid is evaporated into a gas. This is 
occurs by absorbing the return chilled water heat at a low temperature after it's pressure 
has been reduced through the expansion valve. 

Compressor. Maintains a lower pressure in the evaporator than in the condenser. The 
refrigerant liquid will expand and drop in pressure while passing through the small opening 
of theexpansion valve. This raises the pressure of the evaporated liquid to a point where 
the condensing temperature is above the temperature of the cooling water available. 

Note: The refrigerant serves as a heat transferring medium with the heat finally disposed of 
by the condenser. 

Condenser. It cools the hot gas received from the compressor to a point where it will 
condense into a liquid. The condenser may be air cooled or water cooled. The air cooled 
condenser simply has air blown through rows of tubes containing the gas from the 
compressor. 

Chillers are often categorized by size (compact or central) and by the type of condenser 
(air or water). The classification by condensers will also be discussed here. 

 Air Cooled Chillers. As the name suggests, chillers having air-cooled condensers use air 
to remove heat from the refrigerant. A fan forces air across small tubes containing the hot 
refrigerant and discharges that heat into the ambient air. Compared to water, air is a poor 
conductor of heat and therefore air-cooled chillers are larger and less efficient. The typical 
condensing temperature for an air-cooled chiller is about 50°C as opposed to a 40°C in a 
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comparable water condensed chiller. Air-cooled chillers also operate at higher compressor 
ratios – which means less cooling per watt energy consumption.  

For the smaller, portable chillers, the air-cooled condenser is integrated in the chiller 
cabinet and so it’s heat is ejected into the area around the chiller. This heat can be 
reclaimed to supplement a building’s heating system in the winter. However, in the 
summer, this will cause an additional load on the building’s air conditioning system unless 
the chiller and/or condenser is located outdoors. There two types of air-cooled chillers- split 
or integrated systems. With a split system or “remote condenser” the chiller is indoors and 
the condenser outdoors. For the integrated unit, you can put a small unit indoors since the 
load on the air-conditioner will not be much.  

Water Cooled Chillers. Water-cooled condensers are of three basic designs - tube in tube, 
shell in tube or brazed plate. The tube in tube design has one tube inside another and the 
tubes are coiled into a “donut” shape to minimize space requirements. The heat transfer 
from the refrigerant to the water takes place when the refrigerant flows through one tube 
while water flows in the opposite direction through the other tube. This counter flow 
enhances the transfer of heat.  

The shell in tube design is very similar except that there is a bundle of tubes contained in a 
shell. The refrigerant in the shell is around the water flowing through the tubes. This 
arrangement allows the tubes to be cleaned out in case of fouling.  

The brazed plate design is a highly efficient and compact design. This heat exchanger has 
stainless steel plates that are embossed with small channels to provide multiple contact 
points and increased fluid turbulence thus providing excellent heat transfer while lowering 
the potential for fouling. The plates are stacked and brazed together to form two 
independent circuits running in alternate layers.  

Since this type of unit is constructed with stainless steel plates and copper alloy brazing, it 
provides a superb corrosion free environment. Not only does the brazed plate technology 
significantly reduce floor space requirements over conventional shell-and-tube or tube-in-
tube evaporators, brazed plates are also far more efficient. As with the shell and tube 
design, the refrigerant and water have counter flow to further enhance the transfer of heat.  

As mentioned, water condensed units are more efficient than air condensed, often 
operating in the range of 15 EER or better (EER is the energy efficiency ratio or kJ per 
hour per Watt energy consumption). Water cooled chillers require a source of cooling 
water, such as cooling tower water, to extract heat from the refrigerant at the condenser 
and reject it to the ambient environment. The typical condensing temperature in a water-
condensed chiller is 40°C. 
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Chillers, which are used to refrigerate water, are widely used in data center cooling 
systems but require a large amount of electricity to operate. With the growing focus on 
power costs, many data centers are reducing their reliance on chillers to improve the 
energy efficiency of their facilities. 

Evaporative Condensers. Another alternative to the air or water-cooled condensers 
described above is the evaporative condenser. Evaporative condensers are like cooling 
towers with built in heat exchangers. Refrigerant passes through a copper tube bundle in 
the evaporative cell. Water cascades over its outer surface and airflow counter to the flow 
of water causes some of the water to evaporate. This results in the efficient cooling of the 
refrigerant. 

There is a sump in the bottom of the condenser to store water and a pump draws the water 
to spray over the coils. In the winter, the pump is de-energized and only the air flowing 
across the coils is sufficient to cool the refrigerant. The chiller thus becomes aircooled. 

In a typical centrifugal chiller installation that uses a cooling tower to chill water to 4°C, 
power requirements can be reduced by about 17% if the temperature of the entering water 
is reduced from 29.4°C to 23.9°C. 

A 1°C increase in condensing temperature will increase costs 2 – 4%. A 1°C reduction in 
evaporating temperature will increase costs 2 – 4%. 

8.3.4. Heat pump systems 
For climates with moderate heating and cooling needs, heat pumps offer an energy-
efficient alternative to furnaces and air conditioners. Like your refrigerator, heat pumps use 
electricity to move heat from a cool space into a warm, making the cool space cooler and 
the warm space warmer. During the heating season, heat pumps move heat from the cool 
outdoors into your warm house; during the cooling season, heat pumps move heat from 
your cool house into the warm outdoors. Because they move heat rather than generate 
heat, heat pumps can provide up to 4 times the amount of energy they consume.  

The purpose of the following brief mention of industrial heat pumps (IHPs) is to alert the 
reader to the many advantages that this relatively new technology offers and to stimulate 
the integration of IHPs into the wider process heating system. 

IHPs are devices that use low-grade heat (such as waste-process heat or water, or ground 
heat) as the heat sources and deliver this heat at higher temperatures for industrial 
process for heating or pre-heating. Some IHPs can also work in reverse, as chillers, 
dissipating process heat as well. 

The types of heat pumps include: 
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 air-to-air; 
 water-to-air; 
 air-to-water; and 
 water-to-water. 

The major categories of IHPs can be described as follows: 
 closed compression cycle, driven by 

– electric motor 
– diesel engine; 

 absorption cycle, of two types: 
– heat pump 
– heat transformer; 

 mechanical vapour recompression (MVR); and 
 thermal vapour recompression (TVR). 

The most common type of heat pump is the air-source heat pump, which transfers heat 
between your house and the outside air. If you heat with electricity, a heat pump can trim 
the amount of electricity you use for heating by as much as 30%–40%. High-efficiency heat 
pumps also dehumidify better than standard central air conditioners, resulting in less 
energy usage and more cooling comfort in summer months. However, the efficiency of 
most air-source heat pumps as a heat source drops dramatically at low temperatures, 
generally making them unsuitable for cold climates, although there are systems that can 
overcome that problem. 

For buildings without ducts, air-source heat pumps are also available in a ductless version 
called a mini-split heat pump. In addition, a special type of air-source heat pump called a 
"reverse cycle chiller" generates hot and cold water rather than air, allowing it to be used 
with radiant floor heating systems in heating mode.  

Higher efficiencies are achieved with geothermal (ground-source or water-source) heat 
pumps, which transfer heat between your house and the ground or a nearby water source. 
Although they cost more to install, geothermal heat pumps have low operating costs 
because they take advantage of relatively constant ground or water temperatures. 
However, the installation depends on the size of your lot, the subsoil and landscape. 
Ground-source or water-source heat pumps can be used in more extreme climatic 
conditions than air-source heat pumps, and customer satisfaction with the systems is very 
high.  

In a situation where quick response to heating/cooling demands was required, electric 
reversible heat pumps were installed – each pump capable of working as a heater or chiller 
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– together with a heat recovery unit. Capital, operational costs and energy consumption 
were greatly reduced. 

8.3.5. Cost-reduction measures 
A refrigeration system is analogous to a pumping system that pumps water from a low level 
to a high level. The higher the pump has to lift the water, the more energy it consumes per 
unit volume of water. Most cost-reduction measures for refrigeration systems are designed 
to increase the difference between the temperatures at which condensation and 
evaporation take place, thereby increasing the COP. 

The following cost-reduction measures increase the COP by reducing or allowing the 
reduction of condensing temperatures [8]: 

 De-superheat vaporized refrigerant by use of a heat exchanger or by injecting 
liquid refrigerant into the hot gas discharge (enhances condenser efficiency). 

 Use floating head pressure. 
 Use liquid pressure boost to allow further reduction in condensing pressure. 
 Move the outdoor condenser coil into a clean, cool exhaust-air system. 
 Equip the cooling tower with an automatic water-treatment system. 

The following cost-reduction measures increase the COP by increasing evaporation 
temperature: 

 Set the evaporator temperature as high as the process permits. 
 Install automatic controls to use higher evaporator temperatures under part-load 

conditions. 

Other cost-reduction measures are designed to fine-tune controls to operate the system at 
peak efficiency, thus reducing heat gain and peak electricity demand. Some of these cost-
reduction measures are as follows: 

 Upgrade automatic controls in refrigeration plants to provide accurate readings 
and to permit flexible operation. 

 Reschedule production cycles to reduce peak electricity demand. 
 Install variable-speed drive fan motors on cooling towers, evaporative coolers 

and air-cooled condensers. 
 Upgrade insulation. 
 Replace inadequate doors to cold areas. 
 In winter, operate evaporative coolers and condensers with dry coils to eliminate 

heat tracing and pan heating. 
 Consider eliminating hot gas bypass by cycling the refrigeration system. 
 Avoid the use of compressor capacity control systems, which throttle the inlet 

gas flow, raise the discharge pressure or use hot gas bypass. 
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Other low-cost tips for increasing energy efficiency in refrigeration are as follows: 
 Consider installing an automatic purge system for air and non-condensable 

gases. A purger will not only save energy but reduce refrigerant loss and the 
running hours of the compressor with consequent savings in maintenance costs. 

 Install and maintain traps to remove oil and water from the ammonia in such 
systems. Contaminants in the ammonia raise the boiling point. 

 Provide lockable covers on automatic controls and thermostats to prevent 
unauthorized adjustment or tampering. 

8.4. Ventilation 

Ventilation can be defined as: “The replacement of stale indoor air with ‘fresh’ outdoor air 
through purpose-provided openings, and through cracks and gaps in the building 
envelope” (Figure 22).  

Because people spend about 90% of their time inside, indoor air pollution can actually be a 
bigger health risk than pollution in the air outside, even in crowded cities and industrial 
areas. When creating an energy-efficient, airtight home through air sealing techniques, it's 
very important to consider ventilation. Unless properly ventilated, an airtight home can seal 
in indoor air pollutants. Ventilation also helps control moisture - another important 
consideration for a healthy, energy-efficient home. 

 
Figure 22. Typical Extract Ventilation System. 

There are two basic approaches to ventilating your home, office or workshop: 
 Spot ventilation - for localized pollution sources; 
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 General ventilation - to dilute pollutants from sources that exist in many locations 
or move from place to place. 

Spot ventilation uses exhaust fans to collect and remove pollutants before they spread 
throughout your home. The exhaust fan is generally turned on only when the source is 
producing pollutants. Bathrooms, kitchens, and laundry rooms all contain obvious sources 
of moisture and odors. Spot ventilation may also be appropriate for home offices, hobby 
rooms, or workshops. 

General ventilation fans run all the time to control pollutants from sources that can’t be 
spotventilated. General ventilation mixes fresh outdoor air with stale indoor air to lower the 
concentration of pollutants (dilution). Fresh air is provided by fans blowing outdoor air into 
the house, which forces air out through cracks and openings (pressurizing), or by 
exhausting air from the house, which then draws fresh air inside (depressurizing).  

General ventilation can be provided in two ways: exhaust-only, and supply-and-exhaust. 
Whichever method you choose, spot ventilation is also needed in those places where 
strong sources are located, such as bathrooms and kitchens. 

A ventilation system consists of the following components: 
 Fans 
 Filters and air-cleaning system 
 Distribution 
 Control system 
 Heating units 

In addition to indoor air quality ventilation is also used for industrial processes. 

8.4.1. Principles of ventilation 
The objective of a good ventilation strategy is to provide a balance between energy 
efficiency and indoor air quality. This has led to the concept of ‘build tight – ventilate right’. 
In other words – minimise the amount of uncontrolled air leakage through the building 
envelope, then install a controllable ventilation system to provide the necessary level of 
ventilation both where and when it is needed. 

The following three-pronged strategy for ventilation is recommended: 
 Extract ventilation in ‘wet’ rooms where most water vapour and/or pollutants are 

released e.g. kitchens, bathrooms, utility rooms and WCs. This is to remove 
these pollutants directly to outside and minimise their spread into the rest of the 
building. 
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 Whole building ventilation to provide a continuous supply of fresh air from 
outside, and to dilute and disperse water vapour and pollutants that are either 
not removed by extract ventilation or are generated in other rooms in the home. 

 Purge ventilation throughout the building to aid removal of high concentrations of 
pollutants and water vapour released from occasional activities such as painting 
and decorating. Typically windows are opened, where necessary, to purge a 
room. 

8.4.2. Energy efficiency savings 
Approx. 10 % of the energy needed in industries is actually used for ventilation. A detailed 
analysis of ventilation systems shows that only 54 % of the energy goes to ventilation, 
which means that losses amount to 46 %. 

There are two main ways in which ventilation ‘uses up’ energy. The major one is the 
continual need to heat up the incoming air (during the heating season) and its subsequent 
loss as it leaves the building via the purpose-provided openings and air leakage. In 
addition, any form of mechanical ventilation requires electrical power to operate. 

The energy efficiency of the ventilation system can be improved, where applicable, by 
employing heat recovery devices, efficient types of fan motor and/or energy saving control 
devices in the ventilation system [11]. 

Specific fan power. Mechanical systems require electrical power to operate, including 
power to the fans, any compressor(s) and transformer(s) and control and safety devices. 
The term ‘specific fan power’ is used to compare the electrical energy use for different 
ventilation systems as installed (i.e. allowing for system resistance). 

Specific fan power is defined as: The power consumption, in Watts, of the fan (plus any 
other electrical system components) divided by the air flow through the system, in Watts 
per litre per second (W/l/s). 

A well-designed ventilation system should minimise this energy usage, and the later 
sections of this guide include criteria for mechanical systems. In addition, during installation 
it is important to minimise unwanted pressure losses in the ventilation system. Flexible 
ducting increases flow resistance, so minimising the length used, pulling it fairly taut and 
keeping duct runs straight, with as few bends and kinks as possible, are all important. 

Heat recovery units. Most heat recovery units for dwellings are ‘air-to-air’ types. These 
recover heat from the exhaust air stream and use it to pre-condition the incoming air from 
outside. The effectiveness of these units is given by its ‘heat exchange efficiency’ i.e. the 
proportion of waste heat that is usefully recovered by the process (typically expressed as a 
percentage). 
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A heat recovery unit will reduce the amount of energy needed to heat up the incoming air 
to room temperature. This benefit must always be balanced against the electrical power 
requirements needed to drive the process. Such systems work best in more airtight homes, 
where almost all ventilation takes place via the heat exchanger. 

Energy saving control devices. The amount of ventilation needed in a room depends on the 
pollution level in that room (and, in some cases, whether anyone is present). Automatic 
controls can be included with all types of ventilation system (e.g. humidity sensor, 
occupancy/usage sensor, detection of moisture/pollutant release). These reduce the level 
of ventilation if the source of pollution and/or the pollution level is low, and thus save 
energy. However, the supplier of the system needs to take care when designing the 
system to ensure that reducing the ventilation rate in response to a low level of one 
pollutant does not result in a high level of another pollutant. 

Typical measures and their saving potential are [9]: 

Table 12. Saving potential of different savings. 
 

Measure 
 

Saving potential 
Operation plan 10 - 50% 
Demand driven variable speed control 5 – 50% 
Correct motor sizing 5 - 20% 
Energy efficient motors 2 - 10% 
Replacement of belt drive by direct drive 5 - 15% 
Pipes & channels 15% 
Maintenance 5 - 15% 

 

8.5. Air-Conditioning systems 

The most common types of systems for heating and cooling buildings are those which 
moderate the air temperature of the occupied space by providing a supply of heated or 
cooled air from a central source via a network of ducts. These systems, referred to as all-
air systems, increase or decrease the space temperature by altering either the volume or 
temperature of the air supplied. Recalling that the most important determinant of thermal 
comfort in a warm environment is air velocity, most buildings which require cooling employ 
all-air systems. Consequently, all-air systems are the system of choice when cooling is 
required. All-air systems also provide the best control of outside fresh air, air quality, and 
humidity control. An added benefit of forced air systems is that they can often use outside 
air for cooling interior spaces while providing heating for perimeter spaces. The 
advantages of all air systems are offset somewhat by the energy consumed in distribution. 
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All-air systems tend to be selected when comfort cooling is important and for thermally 
massive buildings which have significant internal cooling loads which coincide with heating 
loads imposed by heat loss through the building envelope. The components of an all-air 
HVAC system include an air-handling unit (AHU) which includes a fan, coils which heat 
and/or cool the air passing through it, filters to clean the air, and often elements to humidify 
the air. Dehumidification, when required, is accomplished by cooling the air below the dew-
point temperature. The conditioned air from the AHU is supplied to the occupied spaces by 
a network of supply-air ducts and air is returned from conditioned spaces by a parallel 
network of return-air ducts. (Sometimes the open plenum above a suspended ceiling is 
used as part of the return-air path.) The AHU and its duct system also includes a duct 
which supplies fresh outside air to the AHU and one which can exhaust some or all of the 
return air to the outside. Figure 23 depicts the general arrangement of components in an 
all-air HVAC system. 

 

Figure 23. Elements of an air-conditioning system. 

8.5.1. Single Duct Systems 
The majority of all-air HVAC systems employ a single network of supply air ducts which 
provide a continuous supply of either warmed or cooled air to the occupied areas of the 
building. The single duct, single-zone system is the simplest of the all-air HVAC systems. It 
is one of the most energy-efficient systems as well as one of the least expensive to install. 
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It uses a minimum of distribution energy, since equipment is typically located within or 
immediately adjacent to the area which it conditions. The system is directly controlled by a 
thermostat which turns the AHU on and off as required by the space temperature. Single 
zone systems can provide either heating or cooling, but provide supply air at the same 
volume and temperature to the entire zone which they serve. This limits their applicability 
to large open areas with few windows and uniform heating and cooling loads. Typical 
applications are department stores, factory spaces, arenas and exhibit halls, and 
auditoriums. 

 
Figure 24. Typical constant-volume, single-zone HVAC system. 

8.5.2. Variable Air Volume Systems 
The variable air volume (VAV) HVAC system shown in Figure 25 functions much like the 
single zone system, with the exception that the temperature of individual zones is 
controlled by a thermostat which regulates the volume of air that is discharged into the 
space. This arrangement allows a high degree of local temperature control at a moderate 
cost. Both installation cost and operating costs are only slightly greater than the single-
zone system. The distribution energy consumed is increased slightly over that of a single-
zone system due to the friction losses in VAV control devices, as well as the fact that the 
fan in the AHU must be regulated to balance the overall air volume requirements of the 
system. 
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Figure 25. Components of a VAV system. 

For the system to function properly, it is necessary that air be supplied at a constant 
temperature, usually about 13°C. This requires indirect control of the supply air 
temperature with an accompanying decrease in control efficiency. Single-duct VAV 
systems can often provide limited heating by varying the amount of constant temperature 
air to the space. By reducing the cooling airflow, the space utilizes the lights, people and 
miscellaneous equipment to maintain the required space temperature. However, if the 
space requires more heat than can be supplied by internal heat gains, a separate or 
supplemental heating system must be employed. Single-duct VAV systems are the most 
versatile and have become the most widely used of all systems for heating and cooling 
large buildings. They are appropriate for almost any application except those requiring a 
high degree of control over humidity or air exchange. 

8.5.3. Reheat Systems 
The reheat system is a modification of the single-zone system. It provides zone or space 
control for areas of unequal loading, heating or cooling of perimeter areas with different 
exposures, close control for process or comfort applications.  In the reheat system, heat is 
added  as a secondary process to either preconditioned primary air or recirculated room 
air. The heating medium can be hot water, steam or electricity. 

Both the single-zone and single duct VAV systems can be modified into systems which 
provide simultaneous heating and cooling of multiple zones with the addition of reheat coils 
for each zone (Figure 26). These systems are identical in design to the foregoing systems 
up to the point where air enters the local ductwork for each zone. In a reheat system 
supply air passes through a reheat coil which usually contains hot water from a boiler. In a 
less efficient option, an electrical resistance coil can also be used for reheat. A local 
thermostat in each zone controls the temperature of the reheat coil, providing excellent 
control of the zone space temperature. 
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Figure 26. Components of a reheat system. 

Advantages - closely controls space conditions. Disadvantages - expensive to operate. 

8.5.4. Multizone Systems 
Although commonly misused to indicate any system with thermostatically controlled air-
conditioning zones, the multizone system is actually a specific type of HVAC system which 
is a variation of the singleduct CAV reheat system. In a multizone system, each zone is 
served by a dedicated duct which connects it directly to a central air handling unit (Figure 
27). 
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Figure 27. Components of multizone system. 

In the most common type of multizone system, the AHU produces warm air at a 
temperature of about 38°C as well as cool air at about 13°C which are blended with 
dampers to adjust the supply air temperature to that called for by zone thermostats. In a 
variation of this system, a third neutral deck uses outside air as an economizer to replace 
warm air in the summer or cool air in the winter. In another variation, the AHU produces 
only cool air which is tempered by reheat coils located in the fan room. In this case, the hot 
deck may be used as a preheat coil.  

Multizone systems are among the least energy efficient, sharing the inherent inefficiency of 
reheat systems since energy is consumed to simultaneously heat and cool air which is 
mixed to optimize the supply air temperature. Since a constant volume of air is supplied to 
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each zone, blended conditioned air must be supplied even when no heating or cooling is 
required. In addition, multizone systems require a great deal of space for ducts in the 
proximity of the AHU which restricts the number of zones. They also consume a great deal 
of energy in distribution, due to the large quantity of constant volume air required to meet 
space loads. 
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9. Water and compressed air systems 

9.1. Water heating/cooling systems 

Air is not a convenient medium for transporting heat.  Water can be used for transporting 
heat energy in both heating and cooling systems. It can be heated in a boiler to a 
temperature of 70-120°C or cooled by a chiller to 4-10°C, and piped throughout a building 
to terminal devices which take in or extract heat energy typically through finned coils. 
Steam can also be used to transport heat energy. Steam provides most of its energy by 
releasing the latent heat of vaporization (about 2.3 joules/kg). Thus one mass unit of steam 
provides as much heating as fifty units of water which undergo a 11°C temperature 
change. However, when water vaporizes, it expands in volume more than 1,600 times. 

All-water distribution systems provide flexible zoning for comfort heating and cooling and 
have a relatively low installed cost when compared to all-air systems. The minimal space 
required for distribution piping makes them an excellent choice for retrofit installation in 
existing buildings or in buildings with significant spatial constraints. The disadvantage to 
these systems is that since no ventilation air is supplied, all-water distribution systems 
provide little or no control over air quality or humidity and cannot avail themselves of some 
of the energy conservation approaches of all-air systems. 

Water distribution piping systems are described in terms of the number of pipes which are 
attached to each terminal device: 

– One-pipe systems use the least piping by connecting all of the terminal units in a 
series loop. Since the water passes through each terminal in the system, its 
ability to heat or cool becomes progressively less at great distances from the 
boiler or chiller. Thermal control is poor and system efficiency is low.  

– Two-pipe systems provide a supply pipe and a return pipe to each terminal unit, 
connected in parallel so that each unit (zone) can draw from the supply as 
needed. Efficiency and thermal control are both high, but the system cannot 
provide heating in one zone while cooling another.  

– Three-pipe systems employ separate supply pipes for heating and cooling but 
provide only a single, common return pipe. Mixing the returned hot water, at 
perhaps 60°C, with the chilled water return, at 13°C, is highly inefficient and 
wastes energy required to reheat or recool this water. Such systems should be 
avoided. 

– Four-pipe systems provide a supply and return pipe for both hot water and 
chilled water, allowing simultaneous heating and cooling along with relatively 
high efficiency and excellent thermal control. They are, of course, the most 
expensive to install, but are still inexpensive compared to all-air systems. 
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A facility may have several water systems, some for process use (process cooling water, 
chilled water) and some for building services (potable water, domestic hot water). 
Whatever their function, water systems tend to have similar inefficiencies and energy 
management opportunities. Water losses are detailed in Table 13.  

The energy cost in operating water systems can be reduced with proper attention to the 
following areas: 

 detecting and eliminating leaks; 
 examining water use patterns and reducing water consumption to the minimum 

necessary; 
 imaginative re-use and recirculation of process and cooling waters; 
 reduction of friction losses and the associated pressure drops; 
 reduction of heat loss from hot water systems and heat gain to chilled water 

system; and  
 correct choice and sizing of pumps and reduction of pump operating time. 

Table 13. Amount of water lost due to leakage [8]. 

Leakage rate Dayly loss Monthly loss Yearly loss 

One drop/second 4 L 129 L 1.6 m3 

Two drops/second 14 L 378 L 4.9 m3 

Drops into stream 91 L 2.6 m3 31.8 m3 

1.6 mm stream 318 L 9.4 m3 113.5 m3 

3.2 mm stream 984 L 29.5 m3 354.0 m3 

4.8 mm stream 1.6 m3 48.3 m3 580.0 m3 

6.4 mm stream 3.5 m3 105.0 m3 1,260.0 m3 

A cooling-water system should be designed to recirculate water through the cooling tower 
or a ground-source heat pump system so that the water can be re-used rather than 
dumped after a single pass. This will drastically reduce water purchases, treatment costs 
and the cost of disposal down the sewer. Evaluate the economics of a cooling tower or a 
ground-source heat pump installation from a long-range perspective. Take into account the 
costs of electricity to operate fans and pumps, water treatment and make-up water to 
compensate for evaporation and blowdown, and maintenance. 
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Pipes carrying hot or chilled water should be well insulated to prevent heat loss or heat 
gain. Chilled-water piping should also have a vapour barrier to prevent condensation from 
saturating the open-fibre insulation. 

Water pumps should be shut off when the systems they are serving are not operating. This 
measure will reduce the electricity costs for pumping and, in the case of cooling water, the 
cost of water treatment. Strainers and filters should be checked regularly to ensure that 
they do not become clogged. Clogged filters cause losses in pipeline pressure. To prevent 
water losses, inspect pipes frequently and repair leaks promptly; also, reduce evaporation 
from tanks by installing covers. 

9.2. Compressed air systems 

Compressed air is an energy carrier widely used in many types of industrial processes but 
it is the most expensive utility in a plant. It accounts for as much as 10% of industrial 
electricity consumption. The advantages of air are that it is clean, safe, non-toxic and it can 
be stored. 

We distinguish between three different types of compressed air: 
 Active air compressed air is used for transporting e.g. goods, raw materials. 
 Process air compressed air is needed for the production process e.g. drying, 

ventilation. 
 Vacuum air is used for packaging, positioning. 

Compressed air systems consist of following major components - intake air filters, inter-
stage coolers, after coolers, air dryers, moisture drain traps, receivers, piping network, 
filters, regulators and lubricators (see Figure 28). 
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Figure 28. A typical Compressed Air System components and Network. 

Intake Air Filters: Prevent dust from entering compressor; Dust causes sticking valves, 
scoured cylinders, excessive wear etc. 

Inter-stage Coolers: Reduce the temperature of the air before it enters the next stage to 
reduce the work of compression and increase efficiency. They are normally watercooled. 

After Coolers: The objective is to remove the moisture in the air by reducing the 
temperature in a water-cooled heat exchanger. 

Air-dryers: The remaining traces of moisture after after-cooler are removed using air 
dryers, as air for instrument and pneumatic equipment has to be relatively free of any 
moisture. The moisture is removed by using adsorbents like silica gel /activated carbon, or 
refrigerant dryers, or heat of compression dryers. 

Moisture Drain Traps: Moisture drain traps are used for removal of moisture in the 
compressed air. These traps resemble steam traps. Various types of traps used are 
manual drain cocks, timer based / automatic drain valves etc. 

Receivers: Air receivers are provided as storage and smoothening pulsating air output - 
reducing pressure variations from the compressor. 

9.2.1. Efficient Operation of Compressed Air Systems 
The location of air compressors and the quality of air drawn by the compressors will have a 
significant influence on the amount of energy consumed. Compressor performance as a 
breathing machine improves with cool, clean, dry air at intake. 
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As a rule, "Every 4°C rise in inlet air temperature results in a higher energy consumption by 
1% to achieve equivalent output". Hence, cool air intake leads to a more efficient 
compression (see Table 14). 

Table 14. Effect of intake air temperature on power consumption 

Inlet Temperature, 0C Relative Air Delivery, % Power saved, % 

10.0 102.0 + 1.4 

15.5 100.0 Nil 

21.1 98.1 - 1.3 

26.6 96.3 - 2.5 

32.2 94.1 - 4.0 

37.7 92.8 - 5.0 

43.3 91.2 - 5.8 

It is preferable to draw cool ambient air from outside, as the temperature of air inside the 
compressor room will be a few degrees higher than the ambient temperature. While 
extending air intake to the outside of building, care should be taken to minimize excess 
pressure drop in the suction line, by selecting a bigger diameter duct with minimum number 
of bends. 

Dust in the suction air causes excessive wear of moving parts and results in malfunctioning 
of the valves due to abrasion. Suitable air filters should be provided at the suction side. Air 
filters should have high dust separation capacity, low-pressure drops and robust design to 
avoid frequent cleaning and replacement. Air filters should be selected based on the 
compressor type and installed as close to the compressor as possible. As a rule "For every 
250 mm WC pressure drop increase across at the suction path due to choked filters etc, 
the compressor power consumption increases by about 2 percent for the same output". 
Hence, it is advisable to clean inlet air filters at regular intervals to minimize pressure 
drops. Manometers or differential pressure gauges across filters may be provided for 
monitoring pressure drops so as to plan filter-cleaning schedules. 

Atmospheric air always contains some amount of water vapour, depending on the relative 
humidity, being high in wet weather. The moisture level will also be high if air is drawn from 
a damp area - for example locating compressor close to cooling tower, or dryer exhaust is 
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to be avoided. The moisture-carrying capacity of air increases with a rise in temperature 
and decreases with increase in pressure. 

The altitude of a place has a direct impact on the volumetric efficiency of the compressor. It 
is evident that compressors located at higher altitudes consume more power to achieve a 
particular delivery pressure than those at sea level, as the compression ratio is higher. 

Most of the industrial compressors are water-cooled, wherein the heat of compression is 
removed by circulating cold water to cylinder heads, inter-coolers and after-coolers. The 
resulting warm water is cooled in a cooling tower and circulated back to compressors. The 
compressed air system performance depends upon the effectiveness of inter-coolers, after 
coolers, which in turn are dependent on cooling water flow and temperature. Further, 
inadequate cooling water treatment can lead to increase, for example, in total dissolved 
solids (TDS), which in turn can lead to scale formation in heat exchangers. The scales, not 
only act as insulators reducing the heat transfer, but also increases the pressure drop in 
the cooling water pumping system. Use of treated water or purging a portion of cooling 
water (blow down) periodically can maintain TDS levels within acceptable limits. It is better 
to maintain the water pH by addition of chemicals, and avoid microbial growth by addition 
of fungicides and algaecides. 

The possibility of lowering (optimising) the delivery pressure settings should be explored by 
careful study of pressure requirements of various equipment, and the pressure drop in the 
line between the compressed air generation and utilization points. The pressure switches 
must be adjusted such that the compressor cuts-in and cuts-out at optimum levels. A 
reduction in the delivery pressure by 1 bar in a compressor would reduce the power 
consumption by 6 – 10%. 

9.2.2. Compressor modulation by Optimum Pressure Settings 
Very often in an industry, different types, capacities and makes of compressors are 
connected to a common distribution network. In such situations, proper selection of a right 
combination of compressors and optimal modulation of different compressors can 
conserve energy. Where more than one compressor feeds a common header, 
compressors have to be operated in such a way that the cost of compressed air generation 
is minimal.  

 If all compressors are similar, the pressure setting can be adjusted such that only 
one compressor handles the load variation, whereas the others operate more or 
less at full load. 

 If compressors are of different sizes, the pressure switch should be set such that 
only the smallest compressor is allowed to modulate (vary in flow rate). 
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 If different types of compressors are operated together, unload power 
consumptions are significant. The compressor with lowest no load power must 
be modulated. 

 In general, the compressor with lower part load power consumption should be 
modulated. 

 Compressors can be graded according to their specific energy consumption, at 
different pressures and energy efficient ones must be made to meet most of the 
demand. 

If the low-pressure air requirement is considerable, it is advisable to generate low pressure 
and high-pressure air separately, and feed to the respective sections instead of reducing 
the pressure through pressure reducing valves, which invariably waste energy. 

Excess pressure drop due to inadequate pipe sizing, choked filter elements, improperly 
sized couplings and hoses represent energy wastage. Typical acceptable pressure drop in 
industrial practice is 0.3 bar in mains header at the farthest point and 0.5 bar in distribution 
system. 

Since the compressed air system is already available, plant engineer may be tempted to 
use compressed air to provide air for low-pressure applications such as agitation, 
pneumatic conveying or combustion air. Using a blower that is designed for lower pressure 
operation will cost only a fraction of compressed air generation energy and cost. 

In many installations, the use of air is intermittent. Therefore, some means of controlling 
the output flow from the compressor is necessary. The type of capacity control chosen has 
a direct impact on the compressor power consumption. Automatic On/Off control, as its 
name implies, starts or stops the compressor by means of a pressure activated switch as 
the air demand varies. This is a very efficient method of controlling the capacity of 
compressor, where the motor idle-running losses are eliminated, as it completely switches 
off the motor when the set pressure is reached. This control is suitable for small 
compressors. 

Large capacity reciprocating compressors are usually equipped with a multi-step control. In 
this type of control, unloading is accomplished in a series of steps, (0%, 25%, 50%, 75% & 
100%) varying from full load down to no-load (see Table 15). 

Incorrect control of compressors may increase costs by 20% or more. Poor control of 
auxiliary equipment can increase costs by 20% or more. 
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Table 15. Power consumption of a typical reciprocating compressor at various loads. 

 

Load, % 
 

Power consumption as % of full load power 

100 100 

75 76 – 77 

50 52 – 53 

25 27 – 29 

0 10 - 12 

9.2.3. Avoiding Air Leaks and Energy Wastage 

The major opportunity to save energy is in the prevention of leaks in the compressed air 
system. Leaks frequently occur at air receivers, relief valves, pipe and hose joints, shut off 
valves, quick release couplings, tools and equipment. In most cases, they are due to poor 
maintenance and sometimes, improper installations etc. 

Steps in simple shop-floor method for leak quantification: 
 Shut off compressed air operated equipments (or conduct test when no 

equipment is using compressed air). 
 Run the compressor to charge the system to set pressure of operation. 
 Note the sub-sequent time taken for “load” and “unload” cycles of the 

compressors. For accuracy, take ON and OFF times for 8 – 10 cycles 
continuously. Then calculate total 'ON' Time (T) and Total 'OFF' time (t). 

 The system leakage is calculated as: 

100 x
 t)  T(

T
  leakage %


  

or:  Q x
 t)  T(

T
  q /min,m quantity, leakage System 3


  

where: Q – compressor capacity, m3/min; 
  T - Time on load in minutes; 

t - Time on unload in minutes. 

Example: In the leakage test in a process industry, following results were observed: 
Compressor capacity, m3/minute = 35 
Cut in pressure, kg/cm2 (g) = 6.8 
Cut out pressure, kg/cm2 (g) = 7.5 
Load kW drawn = 188 kW 
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Unload kW drawn = 54 kW 
Average 'Load' time, T = 1.5 minutes 
Average 'Unload' time, t = 10.5 minutes 

Comment on leakage quantity and avoidable loss of power due to air leakages: 

a) Leakage quantity, m3/min:   min/m 4.375  35 x
 10.5)  5.1(

5.1
  q 3


  

b) Leakage quantity per day, m3/day  = day/m 6,300  60 x 24 x 4.375 3  

c) Specific power for compressed  

air generation     = 33 kWh/m 0.0895  /hm 60) x (35kW/  188    

d) Energy lost due to leakages/day  = kWh 564  6,300 x 0.0895   

9.2.4. Checklist for Energy Efficiency in Compressed Air System 

 Ensure air intake to compressor is not warm and humid by locating compressors 
in wellventilated area or by drawing cold air from outside. Every 4°C rise in air 
inlet temperature will increase power consumption by 1 percent. 

 Clean air-inlet filters regularly. Compressor efficiency will be reduced by 2 
percent for every 250 mm WC pressure drop across the filter. 

 Keep compressor valves in good condition by removing and inspecting once 
every six months. Worn-out valves can reduce compressor efficiency by as 
much as 50%. 

 Install manometers across the filter and monitor the pressure drop as a guide to 
replacement of element. 

 Minimize low-load compressor operation; if air demand is less than 50 percent of 
compressor capacity, consider change over to a smaller compressor or reduce 
compressor speed appropriately (by reducing motor pulley size) in case of belt 
driven compressors. 

 Consider the use of regenerative air dryers, which uses the heat of compressed 
air to remove moisture. 

 Fouled inter-coolers reduce compressor efficiency and cause more water 
condensation in air receivers and distribution lines resulting in increased 
corrosion. Periodic cleaning of intercoolers must be ensured. 

 Compressor free air delivery test (FAD) must be done periodically to check the 
present operating capacity against its design capacity and corrective steps must 
be taken if required. 
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 If more than one compressor is feeding to a common header, compressors must 
be operated in such a way that only one small compressor should handle the 
load variations whereas other compressors will operate at full load. 

 The possibility of heat recovery from hot compressed air to generate hot air or 
water for process application must be economically analyzed in case of large 
compressors. 

 Consideration should be given to two-stage or multistage compressor as it 
consumes less power for the same air output than a single stage compressor. 

 If pressure requirements for processes are widely different (e.g. 3 bar to 7 bar), it 
is advisable to have two separate compressed air systems. 

 Reduce compressor delivery pressure, wherever possible, to save energy. 
 Provide extra air receivers at points of high cyclic-air demand which permits 

operation without extra compressor capacity. 
 Retrofit with variable speed drives in big compressors, say over 100 kW, to 

eliminate the `unloaded' running condition altogether. 
 Keep the minimum possible range between load and unload pressure settings. 
 Automatic timer controlled drain traps wastes compressed air every time the 

valve opens. So frequency of drainage should be optimized. 
 Check air compressor logs regularly for abnormal readings, especially motor 

current cooling water flow and temperature, inter-stage and discharge pressures 
and temperatures and compressor load-cycle. 

 Compressed air leakage of 40 – 50 percent is not uncommon. Carry out periodic 
leak tests to estimate the quantity of leakage. 

 Install equipment interlocked solenoid cut-off valves in the air system so that air 
supply to a machine can be switched off when not in use. 

 Present energy prices justify liberal designs of pipeline sizes to reduce pressure 
drops. 

 Compressed air piping layout should be made preferably as a ring main to 
provide desired pressures for all users. 

 A smaller dedicated compressor can be installed at load point, located far off 
from the central compressor house, instead of supplying air through lengthy 
pipelines. 

 All pneumatic equipment should be properly lubricated, which will reduce friction, 
prevent wear of seals and other rubber parts thus preventing energy wastage 
due to excessive air consumption or leakage. 

 Misuse of compressed air such as for body cleaning, agitation, general floor 
cleaning, and other similar applications must be discouraged in order to save 
compressed air and energy. 

 Pneumatic equipment should not be operated above the recommended 
operating pressure as this not only wastes energy bus can also lead to 
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excessive wear of equipment's components which leads to further energy 
wastage. 

 Pneumatic transport can be replaced by mechanical system as the former 
consumed about 8 times more energy. Highest possibility of energy savings is by 
reducing compressed air use. 

 Pneumatic tools such as drill and grinders consume about 20 times more energy 
than motor driven tools. Hence they have to be used efficiently. Wherever 
possible, they should be replaced with electrically operated tools. 

 Where possible welding is a good practice and should be preferred over 
threaded connections. 

 On account of high pressure drop, ball or plug or gate valves are preferable over 
globe valves in compressed air lines. 
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10. Fans and pumps 

10.1. Motors and drives 

10.1.1. Peculiarities of motors and drives  
Fans provide the motive force to move air against the resistance of an airconveying 
system. Pumps serve a similar function, moving liquids against the resistance of a piping 
system and against changes in elevation. Fans and pumps both use a common element: 
the electric motor and its drive. The energy efficiency of a system – whether fans, pumps 
or compressors – can be achieved only when the motor,motor drive and load are all 
considered as a unit and its components are optimized. 

It is said that up to one half of the potential energy savings in a motor and drive can be 
achieved through installation improvements, including correct selection and sizing of a 
motor and its drive, removing/minimizing unnecessary loads and minimizing idling times. 
This is underlined by proper attention to maintenance. 

Most electric motors are designed to operate at 50% 100% of their rated load. One reason 
is the motors optimum efficiency is generally 75% of the rated load, and the other reason is 
motors are generally sized for the starting requirements. 

Several surveys of installed motors reveal that large portion of motors in use are 
improperly loaded. Underloaded motors, those loaded below 50% of rated load, operate 
inefficiently and exhibit low power factor. Low power factor increases losses in electrical 
distribution and utilization equipment, such as wiring, motors, and transformers, and 
reduces the load-handling capability and voltage regulation of the building’s electrical 
system. 

Determining if electric motors are properly loaded enables a manager to make informed 
decisions about when to replace them and which replacement to choose. There are 
several ways to determine motor loads. The best and the simplest way is by direct 
electrical measurement using a Power Meter. Slip Measurement or Amperage Readings 
methods can be used to estimate the actual load. 

Replacing obsolete or burned-out motors with high-efficiency units should become the 
norm.An economical evaluation will certainly be made in each situation. As a general rule, 
though, when more than half of all electric power in a facility is consumed by electric 
motors, a retrofit with high-efficiency motors is probably economically justified.  

High-efficiency electrical motors offer many advantages. They: 
 save energy (i.e. money); 
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 contribute to reducing consumption of primary energy sources (hence, to 
reducing greenhouse gas emissions); 

 generate less internal heat; 
 are cooler and quieter; 
 have a longer life because they are more reliable; 
 reduce process downtime; and 
 reduce maintenance requirements (e.g. bearings replacement). 

Variable frequency drives (VFD) are relatively recent developments in control electronics.  
They work as frequency inverters and can regulate,with considerable flexibility, the speed 
of a motor to fit the process load demand. VFDs are deployed to improve the interaction 
between the process or equipment and the drive system.  

A VFD is a system for controlling the rotational speed of an alternating current (AC) electric 
motor by controlling the frequency of the electrical power supplied to the motor. Variable-
frequency drives are also known as adjustable-frequency drives (AFD), variable speed 
drives (VSD), AC drives, microdrives or inverter drives. Since the voltage is varied along 
with frequency, these are sometimes also called VVVF (variable voltage variable 
frequency) drives. 

All VFDs use their output devices (IGBTs, transistors, thyristors) only as switches, turning 
them only on or off. Using a linear device such as a transistor in its linear mode is 
impractical for a VFD drive, since the power dissipated in the drive devices would be about 
as much as the power delivered to the load.  

The most common type of packaged VF drive is the constant-voltage type, using pulse 
width modulation to control both the frequency and effective voltage applied to the motor 
load.  

The motor used in a VFD system is usually a three-phase induction motor. Some types of 
single-phase motors can be used, but three-phase motors are usually preferred. Various 
types of synchronous motors offer advantages in some situations, but induction motors are 
suitable for most purposes and are generally the most economical choice. Motors that are 
designed for fixed-speed operation are often used. Certain enhancements to the standard 
motor designs offer higher reliability and better VFD performance. 
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Figure 29. Typical VFD system. 

When an induction motor is connected to a full voltage supply, it draws several times (up to 
about 6 times) its rated current. As the load accelerates, the available torque usually drops 
a little and then rises to a peak while the current remains very high until the motor 
approaches full speed. 

By contrast, when a VFD starts a motor, it initially applies a low frequency and voltage to 
the motor. The starting frequency is typically 2 Hz or less. Thus starting at such a low 
frequency avoids the high inrush current that occurs when a motor is started by simply 
applying the utility (mains) voltage by turning on a switch. After the start of the VFD, the 
applied frequency and voltage are increased at a controlled rate or ramped up to 
accelerate the load without drawing excessive current. 

This starting method typically allows a motor to develop 150% of its rated torque while the 
VFD is drawing less than 50% of its rated current from the mains in the low speed range. A 
VFD can be adjusted to produce a steady 150% starting torque from standstill right up to 
full speed. 

Note, however, that cooling of the motor is usually not good in the low speed range. Thus 
running at low speeds even with rated torque for long periods is not possible due to 
overheating of the motor. If continuous operation with high torque is required in low speeds 
an external fan is usually needed. The manufacturer of the motor and/or the VFD should 
specify the cooling requirements for this mode of operation.  

Variable frequency drive systems offer many benefits that result in energy savings through 
efficient and effective use of electric power. The energy savings are achieved by 
eliminating throttling, performance, and friction losses associated with other mechanical or 
electromechanical adjustable speed technologies. Efficiency, quality, and reliability can 
also be drastically improved with the use of VFD technology. The application of a VFD 
system is very load dependent and a thorough understanding of the load characteristics is 
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necessary for a successful application. The type of load (i.e. Constant torque, variable 
torque, constant horsepower) should be known as well as the amount of time that the 
system operates (or could operate) at less than full speed. The VFD pump is compared 
with a valve control system which would be adjusted to maintain a constant pressure in the 
system. The VFD fan is compared with both the damper control and the inlet guidevane 
controls. 

VFDs offer other benefits besides electric power consumption reduction. They: 
 enable a wider range in speed, torque and power; 
 enable improvements to process flow and control characteristics; 
 enable shorter response times; 
 reduce noise and vibration levels of the ventilating equipment; 
 enable replacing pump systems based on throttling and temperature control; 
 contribute to reduction of maintenance and downtime; and 
 lengthen the equipment lifetime (e.g. pump wear). 

The new generation of magnetic-coupled drive technologies, combined with the ease of 
installation and the industry’s first mega-motor/drive warranty provides an attractively 
reliable and efficient alternative for variable fan speed control. This rugged product has 
been successfully used as upgrade replacements for most of the previously mentioned 
designs and technologies in hundreds of belt driven installations. In critical situations, 
where maximum reliability and maximum run time is paramount; this approach may well be 
the preferred alternative. 

The magnetic coupled concept differs vastly from variable frequency drives in that there is 
no electrical power interruption to the motor. With the motor running continuously, precise 
speed control is accomplished by varying the magnetic coupling between the motor’s 
output shaft and the load. Most configurations are comprised of two primary elements: 

 Electromagnet (multimulti-pole rotor) mounts onto the shaft of the motor. 
 Steel drum (armature/pulley) 

One element (input portion) is affixed to the motors shaft so as to run continuously. The 
other element (output portion) will have a connection to the driven load. These two 
elements are separated by an air gap, and have no other mechanical connection other 
then supportive bearings. By applying current to the coil of the electromagnet rotor, a 
polarized magnetic field is produced, creating eddy currents on the surface of the drum, 
magnetically coupling both components and causing the output portion to turn in the same 
direction as the motor. The speed of the output is dependent on the strength of the 
magnetic field which is proportionately controlled by the amount or current applied to the 
electromagnet. 
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Figure 30. The magnetic coupled safe to run dry pump type MPatan. 

10.1.2. Tips for energy efficiency improving in motors and drives 
For motors: 

 Properly size to the load for optimum efficiency. (High-efficiency motors offer 4%–
5% higher efficiency than standard motors.). 

 Use energy-efficient motors where economical. 
 Use synchronous motors to improve power factor. 
 Check alignment. 
 Provide proper ventilation. (For every 10ºC increase in motor operating temperature 

over the recommended peak, the motor life is estimated to be halved.). 
 Check for under-voltage and over-voltage conditions. 
 Balance the three-phase power supply. (An umbalanced voltage can reducemotor 

input power by 3%–5%.). 
 Demand efficiency restoration after motor rewinding. (If rewinding is not done 

properly, the efficiency can be reduced by 5%–8%.). 

For drives: 
 Use variable-speed drives for large variable loads. 
 Use high-efficiency gear sets. 
 Use precision alignment. 
 Check belt tension regularly. 
 Eliminate variable-pitch pulleys. 
 Use nylon sandwich type energy efficient flat belts as alternatives to old v-belts. 
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 Eliminate inefficient couplings. 
 Shut them off when not needed adopting interlocks, controls. 

10.2. Fans 
Fans and blowers provide air for ventilation and industrial process requirements. Fans 
generate a pressure to move air (or gases) against resistance caused by ducts, dampers, 
or other components in a fan system. The fan rotor receives energy from a rotating shaft 
and transmits it to the air as pressure energy. 

Fans, blowers, and compressors are differentiated by the method used to move the air, 
and by the system pressure they must operate against.  

 Fans fall into two general categories: centrifugal flow and axial flow. In centrifugal flow, 
airflow changes direction twice: once when entering the fan and again when leaving 
(forward-curved, backward-curved or -inclined, and radial types). In axial flow, air enters 
and leaves the fan with no change in direction (propeller, tube axial, vane axial). 

Figure 31. a) Centrifugal and    b) axial fans. 

Centrifugal fans are most commonly used for industrial air handling and HVAC 
applications. The major types of centrifugal fan by type of impellors adopted are radial 
forward curved and backward curved:  

Radial fans are industrial workhorses because of their high static pressures and ability to 
handle heavily contaminated airstreams. Because of their simple design, radial fans are 
well suited for high temperatures and medium blade tip speeds. 

Forward-curved fans are used in clean environments and operate at lower temperatures. 
They are well suited for low tip speed and high-airflow work: they are best suited for 
moving large volumes of air against relatively low pressures. 

Backward-inclined fans are more efficient than forward-curved fans. Backward-inclined 
fans reach their peak power consumption and then power demand drops off well within 
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their usable airflow range. Backward-inclined fans are known as “non-overloading” 
because changes in static pressure do not overload the motor. 

All centrifugal fans operate according to laws related to performance variables, as follows: 
 Airflow varies in proportion to fan speed. 
 Total differential pressure is proportional to the square of fan speed. 
 Power requirement is proportional to the cube of fan speed. 

The fan laws show that changes in airflow and resistance to airflow can significantly affect 
the amount of power required by the fan. This highlights the importance of ducting that 
does not restrict airflow. 

The major types of axial flow fans are tube axial, vane axial, and propeller:  

Tube axial fans have a wheel inside a cylindrical housing, with close clearance between 
blade and housing to improve airflow efficiency. The wheels turn faster than propeller fans, 
enabling operation under high pressures. The efficiency is up to 65%. 

Vane axial fans are similar to tube axial fans, but with the addition of guide vanes that 
improve efficiency by directing and straightening the flow. As a result, they have a higher 
static pressure with less dependence on the duct static pressure. Vane axial are typically 
the most energy-efficient fans available and should be used whenever possible. 

Propeller fans usually run at low speeds and moderate temperatures. They experience a 
large change in airflow with small changes in static pressure. They handle large volumes of 
air at low pressure or free delivery. Propeller fans are often used indoors as exhaust fans. 
Outdoor applications include aircooled condensers and cooling towers. 

10.2.1. Tips for energy efficiency improving in fans 
Energy consumption by fans is influenced by many other variables, some of them related 
to operating and maintenance tasks. Other factors that affect energy use by fans are 
related to the air-conveying system in which the fan is installed.  

Correcting inefficiencies in the air-conveying system can be expensive; however, such 
measures tend to pay back quickly. The energy consumed by the driving motor represents 
the total of the energy required by the fan to move air and the energy lost in the fan, the 
motor and the drive. Therefore, it is desirable to choose high-efficiency fans, drives and 
motors. 

The energy efficiency strategy in fan systems includes establishing a system curve 
accurately, selecting the correct operating point of the fan and matching it with the best 
efficiency point, selecting the fan with highest efficiency for the application, achieving 
energy-efficient capacity controls, and adopting good O &M practices. 
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The energy savings potential in fans and fan systems is maximized by reducing the loading 
on flow and head, eliminating inefficient capacity controls, and adopting need-based 
replacements for efficiency margins. These are summarized as type A, B, and C 
categories, as follows: 

1. Minimizing excess air level in combustion systems to reduce forced draft fan and 
induced draft fan power consumption. (A) 

2. Minimizing air in-leaks in hot flue gas path to reduce ID fan load, especially in kilns, 
boiler plants, furnaces, etc. Cold air in-leaks increase ID fan load tremendously, due 
to density increase of flue gases and infact choke up the capacity of fan, resulting in 
a bottleneck for the boiler/furnace itself. (A) 

3. In-leaks/out-leaks in air conditioning systems also have a major impact on energy 
efficiency and fan power consumption and need to be minimized. (A) 

4. The findings of fan performance assessment trials will indicate potential areas for 
improvement, which could be one or more of the following: 
- Replacement of impeller by a high-efficiency impeller along with a cone. (C) 
- Replacement of fan assembly as a whole by a higher-efficiency fan. (C) 
- Downsizing as needed by impeller de-rating (replacement with a smallerdiameter 

impeller). (B) 
- Replacement of a metallic/glass-reinforced plastic (GRP) impeller by the more 

energy-efficient hollow FRP impeller with aerofoil design, in case of axial flow 
fans, where significant savings have been reported. (C) 

- Fan speed reduction by pulley diameter modification for one-time derating. (C) 
- Option of two-speed motors or variable speed drives for variable duty conditions. 

(B) 
- Option of energy-efficient flat belts, or cogged raw edged V belts, in place of 

conventional V-belt systems, for reducing transmission losses. (C) 
- Adopting inlet guide vanes in place of discharge damper controls. (B) 
- Minimizing system resistance and pressure drops by improvements in duct 

system like larger ducts for lowering pressure drop, etc. (A) 
- Use of smooth, well-rounded air inlet cones for fan air intakes. (A) 
- Minimizing fan inlet and outlet obstructions. (A) 

10.3. Pumps 
Pumps come in a variety of sizes for a wide range of applications. They can be classified, 
according to their basic operating principle, as dynamic or displacement pumps. Dynamic 
pumps can be sub-classified as centrifugal and special effect pumps. Displacement pumps 
can be sub-classified as rotary or reciprocating pumps. 
In principle, any liquid can be handled by any of the pump designs. Where different pump 
designs could be used, the centrifugal pump is generally the most economical, followed by 
rotary and reciprocating pumps. Although positive displacement pumps are generally more 
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efficient than centrifugal pumps, the benefit of higher efficiency tends to be offset by 
increased maintenance costs. 

Existing pumping systems can provide an excellent opportunity for efficiency 
improvements, because pump system designs are sometimes difficult to optimise before 
installation. In addition, design efforts are sometimes focused on minimising capital costs 
or the chances of system failure. As a result, energy and maintenance costs may not be 
fully considered. 

According to some sources, energy and maintenance costs will account for over 50 - 95% 
of pump ownership costs with initial costs less than 15% of pump life cycle costs. 
Furthermore, industrial pumping systems that have been in operation for a long time may 
have experienced changes to pumping requirements over their lifetime, as systems move 
away from their design conditions. Pumping system efficiency improvements of this sort 
may have simple payback periods of several weeks to a few years. 

Pumps belong to one of two types, depending on their operating principle: 
 centrifugal or dynamic pumps, which move liquids by adding kinetic energy to 

the liquid; and 
 positive displacement pumps, which provide a constant volumetric flow for a 

given pump speed by trapping liquid in cavities in the pump and moving it to the 
pump outlet. 

When selecting a new pump, due consideration should be given to the pump life cycle cost 
(LCC), including maintenance, energy and initial costs. A quality, reliable, well-built pump 
that is efficient will likely have a lower LCC than a cheaper, lightweight pump, even if the 
lighter pump is slightly more efficient. 

Improvements in efficiency of pumping systems can also: 
 reduce energy costs 
 reduce maintenance requirements 
 more closely match pumping system capacity to production requirements. 

Delivering the best outcome for your business requires a whole systems approach to the 
design, installation, operation and maintenance of your pumping systems. 

Defining the limitations of your current pumping system is the key to finding the best 
solution to achieving energy efficiency for your business: 

 How do I make my existing system more efficient? 
 Do I need some new pumping or pump system components? 
 How do I expand my existing system? 
 What do I need to know to install a new system? 
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For many organisations, the environmental impact of their operations is becoming 
increasingly important. Improving the efficiency of pumping systems is one way to reduce 
greenhouse gas emissions and preserve natural resources. 

Pump operation resembles fan operation in that both devices move a substance through a 
distribution network to an end user. Both pumps and fans, and their drives, must be large 
enough to overcome the resistance imposed by the distribution system.  

However, the size of a pump must also take into account the difference in elevation 
between the pump and the end user, which influences the power requirement of the pump 
significantly. 

As in fan systems, the cost of energy to operate a pump system can be reduced by 
installing high-efficiency pumps, motors and drives. 

10.3.1. Tips for energy conservation in pumping systems 
It is ideal if the operating duty point of a pump is close to the design best efficiency point, 
which implies that careful attention is needed in sizing the pump for an application, as 
oversizing would lead to reduced operational efficiency. 

If your service requirements have changed, for example, there have been significant 
upgrades to the process plant or equipment, you may need to install more efficient 
equipment or expand your pumping system. This will involve elements of both solutions. 
Firstly, ensure your existing system is running efficiently (Solution 1) and secondly, design 
the new components of the expanded system (Solution 2). Following this process will 
ensure that you are not wasting money purchasing more than you actually need. 
Additionally, information gained from reviewing efficiency may guide the selection and 
design of the new components of the system. 

Solution 1 – Improve the efficiency of your existing system. A suggested process to follow 
for improving the efficiency of your pumping system is summarised as follows [12]: 
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Once opportunities for improving the pumping system efficiency have been identified 
during the assessment, they should be prioritised or pre-screened so that those areas with 
greater efficiency improvements and highest energy savings can be realised. Table 16 
indicates the relative savings that are possible, and is a guide to where priorities should be 
in order to achieve the highest savings. These priorities would also be influenced by the 
degree of mismatch between actual system conditions and pump design conditions 
assumed. 

Table 16. Techniques to lower pump energy consumption. 

Energy Savings Method Savings 

Replace throtting valves with speed controls 10 – 60% 

Reduce speed for fixed load 5 – 40% 

Install paralle system for highly variable loads 10 – 30% 

Replace motor with a more efficient model 1 – 3% 

Replace pump with a more efficience model 1 – 2% 

Solution 2 – Design a new system. A good pumping system design will consider all the 
elements of a pumping system, including how to minimise the need for pumping in the first 
place. Many of the principles outlined in Solution 1 can be used in designing a new system. 
However, with a completely new set of components, there is greater potential for optimal 
design. 

A suggested process to follow when designing a new pumping system is as follows: 

 
Table 17 summarises design considerations for components of pumping systems. 

Table 17. Design considerations for efficient pumping systems. 
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Component Design Considerations 
 
System considerations 

• Ensure a whole-system approach is used. 
• Minimise pumping demand. 
• Reduce pumping needs through good plant design. 
• Reduce leaks. 
• Lower pumping system flow rate. 
• Lower the operating pressure. 
• Choose efficient pumping components. 
• Use the latest energy prices in calculation of 
operating costs. 

 
Controls and operating 
philosophy 

• Consider variable-speed drives for flow 
management philosophy rather than throttling valves. 
• Put pressure or flow sensors in the location that will 
help ensure process requirements are met without 
excess pumping energy. 
• Record system trend data. 
• Provide metering of components (such as flows, 
kWh). 

 
Pump stations 

• Consider multiple size pumps for varying flows. 
• Pay attention to pipework design with multiple 
pumps. 

 
Piping system configuration 

• Maximise pipe diameter. 
• Optimise pipe layout to minimise pressure loss. 
• Minimise pressure losses through valves and 
fittings. 
• Minimise bypass flow rates. 

 
Throttling controls 

• Avoid bypass lines. 
• Avoid throttle valves. 
• Optimise use of throttling and adjustable/variable 
speed drives. 

 
Pumps and motors 

• Ensure high motor efficiency. 
• Ensure high pump efficiency. 
• Ensure pump operates close to its BEP. 
• Don’t oversize pump. 
• Ensure the right impeller size. 
• Ensure the right pump type (axial, centrifugal and so 
on). 
• Ensure compatibility with variable-speed drives. 
• Check sealing method (gland packing, mechanical 
seal and so on). 
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Operations and 
maintenance 

• Put a maintenance schedule in place. 
• Design for easy maintenance. 

Service providers • Select a service provider that understands energy 
efficiency and helps you with solutions. 
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11. Compressors and turbines 

11.1. Compressors 

Air compressors account for significant amount of electricity used in industries. Air 
compressors are used in a variety of industries to supply process requirements, to operate 
pneumatic tools and equipment, and to meet instrumentation needs. Only 10 – 30% of 
energy reaches the point of end-use, and balance 70 – 90% of energy of the power of the 
prime mover being converted to unusable heat energy and to a lesser extent lost in form of 
friction, misuse and noise (Figure 32). 

Compressed air is generated by compressors. Compressors are broadly classified as: 
Positive displacement compressor and Dynamic compressor. 

As the name suggests, compressors are used to increase the pressure of the refrigerant. 
There are a variety of compressors available on the market, the most common are the 
reciprocating, scroll and screw compressors. 

 
Figure 32. Sankey diagram for compressed air system. 

Positive displacement compressors increase the pressure of the gas by reducing the 
volume. Positive displacement compressors are further classified as reciprocating and 
rotary compressors. 

Dynamic compressors increase the air velocity, which is then converted to increased 
pressure at the outlet. Dynamic compressors are basically centrifugal compressors and are 
further classified as radial and axial flow types. The flow and pressure requirements of a 
given application determine the suitability of a particulars type of compressor (Figure 33). 
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Capacity of a compressor is the full rated volume of flow of gas compressed and delivered 
at conditions of total temperature, total pressure, and composition prevailing at the 
compressor inlet. It sometimes means actual flow rate, rather than rated volume of flow. 
This also termed as Free Air Delivery (FAD) i.e. air at atmospheric conditions at any 
specific location. Because the altitude, barometer, and temperature may vary at different 
localities and at different times, it follows that this term does not mean air under identical or 
standard conditions. 

 
Figure 33. Compressor chart. 

11.1.1. Positive Displacement Compressors 
Reciprocating Compressors. Reciprocating compressors are the most widely used type for 
air compression (Figure 34). They are characterized by a flow output that remains nearly 
constant over a range of discharge pressures. Also, the compressor capacity is directly 
proportional to the speed. The output, however, is a pulsating one.  
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Figure 34. Reciprocating compressor. 

Reciprocating compressors are driven by a motor and use pistons, cylinders and valves to 
compress the refrigerant. These compressors are available in hermetic, semi-hermetic or 
externally driven versions.  

In a hermetic unit, the motor and compressor are enclosed in a common housing, which is 
sealed. Because the components are not accessible for repair, the entire compressor unit 
must be replaced if it fails.  

In the semi-hermetic unit the motor is also part of the unit, however it is not sealed so it is 
serviceable.  

In a direct drive unit the motor and compressor are separated by a flexible coupling. These 
types of units utilize older technology and are not commonly used today. 

Reciprocating compressors are available in many configurations, the four most widely used 
of which are horizontal, vertical, horizontal balance-opposed and tandem.  

Reciprocating compressors are also available in variety of types: 
 Lubricated and non-lubricated. 
 Single or multiple cylinder. 
 Water or air-cooled. 
 Single or multi stage. 

In the case of lubricated machines, oil has to be separated from the discharge air. Non-
lubricated compressors are especially useful for providing air for instrumentation and for 
processes which require oil free discharge. However non-lubricated machines have higher 
specific power consumption as compared to lubricated types. 

Single cylinder machines are generally air-cooled, while multi-cylinder machines are 
generally water cooled, although multi-stage air-cooled types are available for machines up 
to 100 kW. Water-cooled systems are more energy efficient than air-cooled systems. 

Two stage machines are used for high pressures and are characterized by lower discharge 
temperature (140 to 160°C) compared to single-stage machines (205 to 240°C). In some 
cases, multi-stage machines may have a lower specific power consumption compared to 
single stage machines operating over the same total pressure differential. Multi-stage 
machines generally have higher investment costs, particularly for applications with high 
discharge pressure (above 7 bar) and low capacities. Multi staging has other benefits, such 
as reduced pressure differential across cylinders, which reduces the load and stress on 
compressor components such as valves and piston rings. 
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Rotary Compressors. Rotary compressors have rotors in place of pistons and give a 
continuous, pulsation free discharge air. They are directly coupled to the prime mover and 
require lower starting torque as compared to reciprocatingmachine (Figure 35). They 
operate at high speed and generally provide higher throughput than reciprocating 
compressors. Also they require smaller foundations, vibrate less, and have a lower number 
of parts - which means less failure rate. 

 

Figure 35. Oil-free rotary screw casing (cutaway view). 

Among rotary compressor, the Roots blower (also called as lobe compressor) and screw 
compressors are among the most widely used. The roots blower is essentially a low-
pressure blower and is limited to a discharge pressure of 1 bar in single-stage design and 
up to 2.2 bar in two stage design. 

Scroll compressors perform at higher efficiency levels than reciprocating compressors. The 
compressors operate without cylinders, pistons or valves so it offers:  

 Low maintenance and high reliability  
 Low noise and vibration levels  
 Low space requirements  
 Relatively low weight  

Inside the scroll compressor, two spiral-shaped members fit together forming crescent 
shaped gas pockets. One member remains stationary while the other orbits relative to first. 
This movement draws gas into the outer pocket and seals off an open passage. As the 
spiral movement continues, gas is forced toward the center of the scroll design, creating 
increasingly higher gas pressures.  
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With several pockets of gas simultaneously compressing, you receive a nearly continuous 
compression cycle. Gas discharges from a port at the center of the fixed scroll member. 
With both radial and axial compliance, the scroll members wear in rather than wear out. 

The most common rotary air compressor is the single stage helical or spiral lube oil flooded 
screw air compressor. These compressors consist of two rotors, within a casing where the 
rotors compress the air internally. There are no valves. These units are basically oil cooled 
(with air cooled or water cooled oil coolers) where the oil seals the internal clearances. 
Since the cooling takes place right inside the compressor, the working parts never 
experience extreme operating temperatures. The oil has to be separated from discharge 
air. Because of the simple design and few wearing parts, rotary screw air compressors are 
easy to maintain, to operate and install.  

The oil free rotary screw air compressor uses specially designed air ends to compress air 
without oil in the compression chamber producing true oil free air. These compressors are 
available as aircooled or water cooled types and provide the same flexibility as oil flooded 
rotary compressors. 

A screw compressor’s moving parts include a main and secondary rotor. It also has 
significant benefits:  

 Dramatic reduction of compressor parts  
 Low maintenance and high reliability  
 Low noise and vibration levels  
 Low space requirements  
 Relatively low weight  

The screw compressor’s suction, compression and discharge all occur in one direction. 
Suction gas is pressed into one grooved rotor by the second similar rotor. The screw-like 
rotor motion continues toward the end of the compressor’s working space. In this way, 
refrigerant volume steadily reduces or compresses until it reaches the stationary end of the 
compressor. It is here that the vapor discharges to the condenser.  

Due to this design, the need for compressor parts is low. Therefore, familiar components, 
such as oil, assume new roles. Instead of lubrication, oil now performs as a dynamic 
sealer. By design, motor cooling occurs with refrigerant gas or vapor passing through holes 
in the rotor – which also functions as a “built-in” liquid separator. The scroll design also 
enables higher evaporating temperatures, beneficial to all applications excluding those with 
low temperature conditions. The screw compressor is also more forgiving to liquid 
slugging. 

Dynamic Compressors. Dynamic compressors are mainly centrifugal compressors and 
operate on similar principles to centrifugal pump. These compressors have appreciably 
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different characteristics as compared to reciprocating machines. A small change in 
compression ratio produces a marked change in compressor output and efficiency. 
Centrifugal machines are better suited for applications requiring very high capacities, 
typically above 340 m3/min. 

The centrifugal air compressor depends on transfer of energy from a rotating impeller to 
the air. The rotor accomplishes this by changing the momentum and pressure of the air. 
This momentum is converted to useful pressure by slowing the air down in a stationary 
diffuser. This is an oil free compressor by design. The oil-lubricated running gear is 
separated from the air by shaft seals and atmospheric vents. The centrifugal is a 
continuous duty compressor, with few moving parts, and is particularly suited to high 
volume applications, especially where oil free air is required.  

A single-stage centrifugal machine can provide the same capacity as a multi-stage 
reciprocating compressor. Machines with either axial or radial flow impellers are available. 
Axial flow compressors (Figure 36) are suitable for higher compression ratios and are 
generally more efficient than radial compressors. Axial compressors typically are multi-
stage machines, while radial machines are usually single-stage designs. The general 
selection criteria for compressor is given in the Table 18. 

Table 18. General selection criteria for compressors. 
 

Type of compressor 

 

Capacity, m3/h 
 

Pressure, bar 
from to from to 

Roots blower compressor single stage 100 30,000 0.1 1 

Reciprocating      

- Single / two stage 100 12,000 0.8 12 
- Multi stage 100 12,000 12.0 700 

Screw  600 300,000 0.1 450 
- Single stage 100 2,400 0.8 13 
- Two stage 100 2,200 0.8 24 

Centrifugal  600 300,000 0.1 450 
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Figure 36. Axial compressor. 

Multiple Compressors. There are some applications where failure of refrigeration 
equipment could result in serious financial loss beyond the equipment repair expense. In 
such cases, it is advisable to consider a multiple compressor chiller system.  

Under partial load conditions, the compressors may be cycled in and out of service as 
required as well as providing a level of redundancy in the event one of the compressors 
should fail. Although the system will operate at a lower capacity if a compressor fails, it 
should not be allowed to run in this condition for long periods of time to prevent possible 
damage to the other compressors in the chiller. 

11.1.2. Compressor Efficiency Definitions 
Several different measures of compressor efficiency are commonly used: volumetric 
efficiency, adiabatic efficiency, isothermal efficiency and mechanical efficiency. 

Adiabatic and isothermal efficiencies are computed as the isothermal or adiabatic power 
divided by the actual power consumption. The figure obtained indicates the overall 
efficiency of compressor and drive motor. 

Isothermal Efficiency = 
power input measured Actual

Power Isothermal
 

Isothermal power, kW = P1 x Q1 x loger/36.7 
P1 = Absolute intake pressure, kg/cm2 
P2 = Absolute delivery pressure kg/cm2 
Q1 = Free air delivered m3/h. 
r = Pressure ratio P2/P1 
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The calculation of isothermal power does not include power needed to overcome friction 
and generally gives an efficiency that is lower than adiabatic efficiency. The reported value 
of efficiency is normally the isothermal efficiency. This is an important consideration when 
selecting compressors based on reported values of efficiency. 

Volumetric efficiency = 100 x
 min/m nt,displaceme Compressor

min/m delivered, air Free
3

3

 

Compressor Displacement = n x  x S x L x D x
4

2 


 

D = Cylinder bore, metre 
L = Cylinder stroke, metre 
S = Compressor speed, rpm 
  = 1 for single acting and 2 for double acting cylinders 

n = Numbers of cylinders 

For practical purposes, the most effective guide in comparing compressor efficiencies is 
the specific power consumption, i.e. kW/volume flow rate, for different compressors that 
would provide identical duty. 

11.2. Turbines 

A turbine is a rotary engine that extracts energy from a fluid flow and converts it into useful 
work. The simplest turbines have one moving part, a rotor assembly, which is a shaft or 
drum with blades attached. Moving fluid acts on the blades, or the blades react to the flow, 
so that they move and impart rotational energy to the rotor. Early turbine examples are 
windmills and water wheels. 

Gas, steam, and water turbines usually have a casing around the blades that contains and 
controls the working fluid. Modern steam turbines frequently employ both reaction and 
impulse in the same unit, typically varying the degree of reaction and impulse from the 
blade root to its periphery. 

For many years, steam turbines have been used instead of electric motors; in plants with 
suitable supplies of high-pressure steam, steam turbines are significantly less expensive to 
run than large electric motors. 

As in a compressor system, the energy consumed by a turbine represents the total power 
required by the driven equipment (e.g. a generator) and the energy losses from the driven 
equipment, the drive and the turbine. Therefore, it is desirable to select high-efficiency 
turbines, drives and driven equipment. 

A device similar to a turbine but operating in reverse, i.e., driven, is a compressor or pump. 
The axial compressor in many gas turbine engines is a common example. Here again, both 
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reaction and impulse are employed and again, in modern axial compressors, the degree of 
reaction and impulse typically vary from the blade root to its periphery.  

A working fluid contains potential energy (pressure head) and kinetic energy (velocity 
head). The fluid may be compressible or incompressible. Several physical principles are 
employed by turbines to collect this energy: 

 Impulse turbines. These turbines change the direction of flow of a high velocity fluid or gas 
jet. The resulting impulse spins the turbine and leaves the fluid flow with diminished kinetic 
energy. There is no pressure change of the fluid or gas in the turbine blades (the moving 
blades), as in the case of a steam or gas turbine, all the pressure drop takes place in the 
stationary blades (the nozzles).  

Before reaching the turbine, the fluid's pressure head is changed to velocity head by 
accelerating the fluid with a nozzle. Pelton wheels and de Laval turbines use this process 
exclusively. Impulse turbines do not require a pressure casement around the rotor since 
the fluid jet is created by the nozzle prior to reaching the blading on the rotor. Newton's 
second law describes the transfer of energy for impulse turbines. 

Reaction turbines. These turbines develop torque by reacting to the gas or fluid's pressure 
or mass. The pressure of the gas or fluid changes as it passes through the turbine rotor 
blades. A pressure casement is needed to contain the working fluid as it acts on the turbine 
stage(s) or the turbine must be fully immersed in the fluid flow (such as with wind turbines). 
The casing contains and directs the working fluid and, for water turbines, maintains the 
suction imparted by the draft tube. Francis turbines and most steam turbines use this 
concept. For compressible working fluids, multiple turbine stages are usually used to 
harness the expanding gas efficiently. Newton's third law describes the transfer of energy 
for reaction turbines.  

In the case of steam turbines, such as would be used for marine applications or for land-
based electricity generation, a Parsons type reaction turbine would require approximately 
double the number of blade rows as a de Laval type impulse turbine, for the same degree 
of thermal energy conversion. Whilst this makes the Parsons turbine much longer and 
heavier, the overall efficiency of a reaction turbine is slightly higher than the equivalent 
impulse turbine for the same thermal energy conversion. 
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Figure 37. Impulse and reaction turbines. 

11.1.1. Types of turbines 
Steam turbines are used for the generation of electricity in thermal power plants, such as 
plants using coal, fuel oil or nuclear power. They were once used to directly drive 
mechanical devices such as ships' propellers but most such applications now use 
reduction gears or an intermediate electrical step, where the turbine is used to generate 
electricity, which then powers an electric motor connected to the mechanical load. Turbo 
electric ship machinery was particularly popular in the period immediately before and 
during World War II, primarily due to a lack of sufficient gear-cutting facilities in US and UK 
shipyards. 

 Gas turbines are sometimes referred to as turbine engines. Such engines usually feature 
an inlet, fan, compressor, combustor and nozzle (possibly other assemblies) in addition to 
one or more turbines.  

Gas turbines are used in applications that require their particular operating characteristics: 
 small size with a high power-to-weight ratio; 
 no requirement for external cooling; 
 low requirement for maintenance; 
 low failure rate; and 
 relatively clean emissions. 
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Transonic turbine. The gasflow in most turbines employed in gas turbine engines remains 
subsonic throughout the expansion process. In a transonic turbine the gasflow becomes 
supersonic as it exits the nozzle guide vanes, although the downstream velocities normally 
become subsonic. Transonic turbines operate at a higher pressure ratio than normal but 
are usually less efficient and uncommon. 

Contra-rotating turbines. With axial turbines, some efficiency advantage can be obtained if 
a downstream turbine rotates in the opposite direction to an upstream unit. However, the 
complication can be counter-productive. A contra-rotating steam turbine, usually known as 
the Ljungström turbine, was originally invented by Swedish Engineer Fredrik Ljungström 
(1875–1964), in Stockholm and in partnership with his brother Birger Ljungström he 
obtained a patent in 1894. The design is essentially a multi-stage radial turbine (or pair of 
'nested' turbine rotors) offering great efficiency, four times as large heat drop per stage as 
in the reaction (Parsons) turbine, extremely compact design and the type met particular 
success in backpressure power plants. However, contrary to other designs, large steam 
volumes are handled with difficulty and only a combination with axial flow turbines 
(DUREX) admits the turbine to be built for power greater than ca 50 MW. In marine 
applications only about 50 turbo-electric units were ordered (of which a considerable 
amount were finally sold to land plants) during 1917-19, and during 1920-22 a few turbo-
mechanic not very successful units were sold.[2] Only a few turbo-electric marine plants 
were still in use in the late 1960s (ss Ragne, ss Regin) while most land plants remain in 
use 2010. 

Statorless turbine. Multi-stage turbines have a set of static (meaning stationary) inlet guide 
vanes that direct the gasflow onto the rotating rotor blades. In a statorless turbine the 
gasflow exiting an upstream rotor impinges onto a downstream rotor without an 
intermediate set of stator vanes (that rearrange the pressure/velocity energy levels of the 
flow) being encountered. 

Ceramic turbine. Conventional high-pressure turbine blades (and vanes) are made from 
nickel based alloys and often utilise intricate internal air-cooling passages to prevent the 
metal from overheating. In recent years, experimental ceramic blades have been 
manufactured and tested in gas turbines, with a view to increasing Rotor Inlet 
Temperatures and/or, possibly, eliminating aircooling. Ceramic blades are more brittle than 
their metallic counterparts, and carry a greater risk of catastrophic blade failure. This has 
tended to limit their use in jet engines and gas turbines, to the stator (stationary) blades. 

Shrouded turbine. Many turbine rotor blades have shrouding at the top, which interlocks 
with that of adjacent blades, to increase damping and thereby reduce blade flutter. In large 
land-based electricity generation steam turbines, the shrouding is often complemented, 
especially in the long blades of a low-pressure turbine, with lacing wires. These wires pass 
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through holes drilled in the blades at suitable distances from the blade root and are usually 
brazed to the blades at the point where they pass through. Lacing wires reduce blade 
flutter in the central part of the blades. The introduction of lacing wires substantially 
reduces the instances of blade failure in large or low-pressure turbines. 

Shroudless turbine. Modern practice is, wherever possible, to eliminate the rotor shrouding, 
thus reducing the centrifugal load on the blade and the cooling requirements. 

 Bladeless turbine uses the boundary layer effect and not a fluid impinging upon the blades 
as in a conventional turbine. 

 Water turbines: 
- Pelton turbine, a type of impulse water turbine. 
- Francis turbine, a type of widely used water turbine. 
- Kaplan turbine, a variation of the Francis Turbine. 

Wind turbine. These normally operate as a single stage without nozzle and interstage 
guide vanes. An exception is the Éolienne Bollée, which has a stator and a rotor, thus 
being a true turbine. 

Other: 
- Velocity compound "Curtis". Curtis combined the de Laval and Parsons turbine by 

using a set of fixed nozzles on the first stage or stator and then a rank of fixed and 
rotating blade rows, as in the Parsons or de Laval, typically up to ten compared with 
up to a hundred stages of a Parsons design. The overall efficiency of a Curtis 
design is less than that of either the Parsons or de Laval designs, but it can be 
satisfactorily operated through a much wider range of speeds, including successful 
operation at low speeds and at lower pressures, which made it ideal for use in ships' 
powerplant. In a Curtis arrangement, the entire heat drop in the steam takes place in 
the initial nozzle row and both the subsequent moving blade rows and stationary 
blade rows merely change the direction of the steam. Use of a small section of a 
Curtis arrangement, typically one nozzle section and two or three rows of moving 
blades, is usually termed a Curtis 'Wheel' and in this form, the Curtis found 
widespread use at sea as a 'governing stage' on many reaction and impulse 
turbines and turbine sets. This practice is still commonplace today in marine steam 
plant. 

- Pressure compound multistage impulse, or "Rateau". The Rateau employs simple 
impulse rotors separated by a nozzle diaphragm. The diaphragm is essentially a 
partition wall in the turbine with a series of tunnels cut into it, funnel shaped with the 
broad end facing the previous stage and the narrow the next they are also angled to 
direct the steam jets onto the impulse rotor. 
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11.1.1. Energy efficiency improving  
 Shut steam and gas turbines down when conditions are less than optimum – that is, 

when the turbines must operate at less than 50% capacity (gas turbines) or 30% 
capacity (steam turbines). 

 Check and maintain turbine clearances at turbine rotating elements and seals to 
minimize leakage and ensure maximum energy extraction from the steam or gas 
stream. 

 Check and clean or replace air intake filters regularly. 
 Regularly check for vibrations. 

 Ensure that steam turbines are operated at optimum steam and condensate 
conditions. 

 Ensure that gas turbines are operated at optimum inlet and outlet conditions. 
 Ensure that all speed control systems are functioning properly. 
 Modify or relocate air intake to provide cool air to gas turbines. 

 Recover the heat produced by the oil cooler on a gas turbine. 
 Install optimum insulation on equipment. 
 Optimize the system’s operation by adding or relocating control components (e.g. 

temperature and pressure sensors). 
 Preheat gas turbine combustion air with exhaust gas (e.g. with a regenerator). 
 Utilize heat from the exhaust of gas turbines. 
 Utilize heat from the surface of turbines. 

 Modify inlet and outlet pipework to reduce pressure (i.e. flow) losses. 
 Upgrade turbine components for improved efficiency. 
 Consider installing an active clearance control system to maintain tolerances and 

improve the heat-rate efficiency by 0.3 to 0.5 percent. 
 Install a back pressure turbine to act as a steam pressure reducing device. 
 Increase the efficiency and capacity of a steam turbine, for example, by 

– rebuilding the steam turbine to incorporate the latest steam path technology; 
– letting low-pressure steam directly into the turbine; and 
– using a portion of the warm condenser cooling exhaust stream for boiler make-up 
water rather than cold water from the mains. 

 Consider innovative uses of exhaust heat recovery for such purposes as steam 
generation or absorption refrigeration for sub-cooling. 

 Where practicable, consider upgrading the gas turbine system to a full-fledged 
combined heat and power (CHP) (i.e. cogenerating) plant. 

12. Measuring, metering, monitoring and automatic controls 
 
The subject of automatic controls is enormous, covering the control of variables such as 
temperature, pressure, flow, level, and speed. 
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The automatic controls can be divided into two parts: 
- The control of Heating, Ventilating and Air Conditioning systems (commonly known 

as HVAC); and 
- Process control. 

Both are immense subjects, the latter ranging from the control of a simple domestic cooker 
to a complete production system or process, as may be found in a large petrochemical 
complex. The Controls Engineer needs to have various skills at his command - knowledge 
of mechanical engineering, electrical engineering, electronics and pneumatic systems, a 
working understanding of HVAC design and process applications and, increasingly today, 
an understanding of computers and digital communications. 

The intention of this chapter is to provide a basic insight into the practical and theoretical 
facets of automatic control. It is confined to the control of processes that utilise the 
following fluids: steam, water, compressed air and hot oils. 

Control is generally achieved by varying fluid flow using actuated valves. For the fluids 
mentioned above, the usual requirement is to measure and respond to changes in 
temperature, pressure, level, humidity and flowrate. Almost always, the response to 
changes in these physical properties must be within a given time. The combined 
manipulation of the valve and its actuator with time, and the close control of the measured 
variable, will be explained later in this Block. The control of fluids is not confined to valves. 
Some process streams are manipulated by the action of variable speed pumps or fans. 

Along with energy conservation, energy management systems (EMS) also have kept this 
industry active in redesigning and improving their products; energy management systems 
are computerized control systems implemented mostly by the utility industry, but also by 
large manufacturers with their own power stations. Automatic controls have been altered 
and redesigned for energy efficiency to work within these systems and for the HVAC units 
in the buildings in which they are stored. Computerized energy management systems, on a 
smaller scale, also are being installed in commercial buildings. These systems combine 
monitoring and controlling of HVAC units with security, lighting, and fire safety systems. 

Hotels, department stores, and grocery stores, all large users of energy, began 
implementing energy management systems in the 1980s. In hotels, for instance, automatic 
controls on heating and air-conditioning units are regulated by sensors in individual rooms 
that detect whether the rooms are occupied; the controls also are linked to the hotel's front 
desk in order to respond to check-ins and check-outs. Similarly, energy management 
systems have saved energy and money for department and grocery stores. In these cases, 
computerized systems are monitored for a chain of stores by a centralized network.  
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The industry entered the 1990s experiencing small growth following the decline in 
construction of residential and commercial buildings. This modest growth, along with small 
sales margins, limited research and development in new technologies and investment in 
new facilities. In addition, as a result of the weak economy at the time, many companies 
chose to upgrade their existing HVAC systems. Upgrading increased commercial repair 
and maintenance, but sales of new HVAC systems rebounding by the end of the decade. 

In the 2000s, the industry was dominated by large companies that continued to compete in 
a saturated market by increasing efficiency in their products, such as improving circulation 
control, compressor design, and network automation. Products became increasingly 
standardized, causing companies to differentiate themselves by other means, such as 
expansion into the global market. Deregulation of electricity was expected to be a 
significant factor in the HVAC industry's future. 

12.1. The need for automatic controls 

There are three major reasons why process plant or buildings require automatic controls: 
 Safety - The plant or process must be safe to operate. The more complex or 

dangerous the plant or process, the greater is the need for automatic controls 
and safeguard protocol. 

 Stability - The plant or processes should work steadily, predictably and 
repeatably, without fluctuations or unplanned shutdowns. 

 Accuracy - This is a primary requirement in factories and buildings to prevent 
spoilage, increase quality and production rates, and maintain comfort. These are 
the fundamentals of economic efficiency. 

  
Other desirable benefits such as economy, speed, and reliability are also important, but it 
is against the three major parameters of safety, stability and accuracy that each control 
application will be measured. 

12.1.1. Elements of automatic control 
A controlled condition might be temperature, pressure, humidity, level, or flow. This means 
that the measuring element could be a temperature sensor, a pressure transducer or 
transmitter, a level detector, a humidity sensor or a flow sensor. 

The manipulated variable could be steam, water, air, electricity, oil or gas, whilst the 
controlled device could be a valve, damper, pump or fan. 

Figure 37 illustrates the component parts of a basic control system.  

The sensor signals to the controller. The controller, which may take signals from more than 
one sensor, determines whether a change is required in the manipulated variable, based 
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on these signal(s). It then commands the actuator to move the valve to a different position; 
more open or more closed depending on the requirement. 

 

Figure 37. Components of an automatic control. 

Controllers are generally classified by the sources of energy that power them, electrical, 
pneumatic, hydraulic or mechanical. 

An actuator can be thought of as a motor. Actuators are also classified by the sources of 
energy that power them, in the same way as controllers. 

Valves are classified by the action they use to effect an opening or closing of the flow 
orifice, and by their body configurations, for example whether they consist of a sliding 
spindle or have a rotary movement. 

If the system elements are combined with the system parts (or devices) the relationship 
between 'What needs to be done?' with 'How does it do it?', can be seen. 
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Figure 38. Typical mix of process control devices with system elements. 

12.1.2. Accuracy 
It is important to know how measurement accuracy is expressed so that the measuring 
instruments can be matched to process requirements.The common measurement terms 
are described as follows: 

 Measured variable – the variable the instrument was selected to measure, such 
as temperature or pressure. 

 Lower range value – the minimum measurement of the variable that the 
instrument can display. 

 Upper range value – the maximum measurement of the variable that the 
instrument can display. 

 Range of the instrument – the region between the lower-range value and the 
upper-range value. 

The accuracy of an instrument is expressed in terms of the measured variable and may be 
expressed as a percentage of  

 the range of the instrument; 
 the upper range value; or 
 the indicated value or range. 

Accuracy is often improved by reducing the range, so the range of an instrument should be 
kept to a minimum that is consistent with the expected variations of the measured variable. 
However, repeatability is often more important than absolute accuracy. System accuracy 
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depends on the accuracy of its components and can be determined only by system 
calibration. 

The integration of measuring and monitoring devices into a computerized management 
system requires signal amplification and digitalization in an analogue digital 
converter.Although there are plenty of applications for analogue instruments and basic 
digital instruments, computer-based instruments (with an embedded computer) provide 
additional flexibility and power to a system. Digital input is processed by the instrument’s 
computer (e.g. single-chip), and outputs can be obtained through a strip-chart recorder, an 
oscilloscope or a printer or be displayed on a monitor. 

12.2. Types of control systems 

Control systems can be simplified by breaking the system into functional blocks. When 
examined in smaller manageable pieces any system becomes simpler to understand. Final 
conditions at the end of the block diagram represent the fruit of the controls system’s 
efforts. This is the reason control systems exist.  

Most HVAC systems are designed for occupant comfort and will control the final conditions 
of temperature, humidity and pressure. 

Controls system types include: 
 Self Contained Controls Systems 

 Pneumatic Controls Systems 
 Electric Control System 
 Electronic Control System 
 Digital Control System 

12.2.1. Self Contained Controls Systems 
Self-contained contained control systems combine the controller and controlled device into 
one unit. In this system, a change in the controlled medium is used to actuate the control 
device. A self-contained valve with a vapor, gas, or liquid temperature sensing element that 
uses the displacement of the sensing fluid to position the valve, is one example of a self-
contained control system. 

A steam or water pressure control valve that uses a slight pressure change in the sensing 
medium to actuate the controlled device is an example. 

12.2.2. Pneumatic Controls Systems 
Pneumatic control systems use compressed air to modulate the controlled device. In this 
system, air is applied to the controller at a constant pressure, and the controller regulates 
the output pressure of the controlled device according to the rate of load change. Typically, 
compressed air at 20 PSI is used. However, the controlled device can be operated by air 
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pressures as high as 60 PSI. Advantages of pneumatics: actuators for valve and damper 
controls are inexpensive, easily maintained, and cost effective. The technology is mature, 
controls are reliable, and different manufacturer components can be used interchangeably. 
Disadvantages are: they require clean dry air, calibration of the controls on a regular basis, 
and customized complex control panels for advanced temperature control systems. 

12.2.3. Electric Control Systems 
Electric control systems use electricity as the power source of a control device. This 
system can have two position action in which the controller switches an electric motor, 
resistance heating element, or solenoid coil directly or through microprocessor based 
electro-mechanical means. Alternatively, the system can be proportional so that the 
controlled device is modulated by an electric motor. Advantages are the two-position 
controls are simple and reliable and use simple low voltage electrical technology. 
Disadvantages are the controls cannot modulate and actuators can be expensive. 

12.2.4. Electronic Control Systems 
Electronic control systems use solid state components in electronic circuits to create 
control signals in response to sensor information. Advantages are that modulated controls 
are reliable and require less calibration and use electricity. Disadvantages are actuators 
and controllers are expensive. 

12.2.5. Digital Control System 
Digital systems controllers utilize electronic technology to detect, amplify, and evaluate 
sensor information. The evaluation can include sophisticated logical operations and results 
in a output command signal. It is often necessary to convert this output command signal to 
an electrical or pneumatic signal capable of operating a controlled device. Advantages are 
that controls are highly reliable and require minimal maintenance. Disadvantages are initial 
costs which may be high. 

12.3. Equipment for automatic controls 

12.3.1. Sensors 
Certain basic field hardware is necessary for a control system to function properly. Sensors 
provide appropriate information concerning the HVAC control system. Communications 
paths must be available to transmit sensor and control information. Often referred to as 
inputs, sensed signals convey either analog or binary information. Analog Inputs convey 
variable signals such as outdoor air temperature. 

Binary Inputs convey status signals such as fan or pump status, ON or OFF. This network 
of field hardware must function properly if the building control system is to be effective. It is 
a distinction of professional building management for the entire network of sensors, 
controllers and communications to remain functioning and accurate. This necessitates an 
investment in effective preventive maintenance and continuous fault monitoring and 
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correction, but pays rich dividends in the ability to provide a well controlled, cost effective 
environment.  

Sensors types include: 
 Temperature 

 Humidity 
 Pressure 
 Air Quality 

12.3.2. Controllers 
Controller types include: 

 Two Position 
 Proportional Action 
 Proportional plus Integral (PI) 

 Proportional Integral Derivative (PID) 

Controllers are devices which create changes, known as system response according to 
sensor information. Controllers play the critical role of maintaining the desired building 
conditions. 

Controllers produce five distinct types of control action to control a buildings environment at 
desired settings. These types of control action will be presented, beginning with the 
simplest and progressing through the most sophisticated. Other types of control action are 
available. 

12.3.3. Controlled devices 
Controlled Devices include: 

 Valves 
 Dampers 

 Actuators for Valves and Dampers 

Just about all HVAC control systems will require some type of controlled device. Water and 
steam flow controlled devices are called valves while air flow controlled devices are called 
dampers. The actuator performs the function of receiving the controllers command output 
signal and produces a force or movement used to move the manipulated device usually the 
valve or damper. 

12.3.4. Advansed technology for effective facility control 
Advances in technology brought direct digital control, lighting control, fire management, 
security monitoring, distributed networks, personal computers, and sophisticated graphics. 
Electronic chips replaced pneumatic controllers. Personal computers (PC’s) replaced 
minicomputers. Software programs replaced hardwired logic. 
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Each new advancement in the electronics and communications industries was eagerly 
snapped up by Facilities Management System (FMS) designers. (Note FMS is also 
sometime referred to as EMS, but EMS are Energy management systems and FMS tend to 
be focused on other uses of the data beyond energy conservations such as computerized 
maintenance management.) Systems are now faster and more capable than ever before. 
Software programs, electronic components, sensors, actuators, hardware packaging, and 
communications networks are integrated, share information, and work together.  

The overall purpose of a Facilities Management system is to make the job of facilities 
people easier, to make a facility more efficient, and to keep a facility’s occupants 
comfortable and safe. 

The FMS can save money for building owners in several ways: 
 By increasing the productivity from staff by doing mundane tasks for them. 
 By reducing energy consumption (energy management programs). 
 By identifying equipment needing maintenance, and even rotating the use of 

some equipment. 
 By managing information. 

When considering the use of any FMS, you must define the desired functions, make a 
realistic financial analysis, and determine the amount of time available for building 
personnel to use and learn to use the system. 

The following discussion investigates many of the options available throughout the 
industry, although there may not be any single FMS which includes them all. 

12.4. Energy management opportunities 

 Regular calibration and maintenance programs are necessary if instruments are to 
produce reliable data. With the use of electronics today, many instruments are now 
self-calibrating, saving time and effort and offering continuous accuracy. However, 
the supporting system must also be taken care of (e.g. ensuring that the 
compressed air is free of moisture and dirt and that the line filters are maintained 
regularly).  

The management of instrumentation, measuring and testing equipment – which 
includes applicable test software – is well covered under the broadly used 
international standards for quality and environmental management systems. Even 
facilities that have not yet implemented these standards would be well advised to 
adopt the principles for sound management of their instrumentation, metering and 
monitoring equipment. 



Programme “Energy Efficiency and Green Economy” (BEECIFF) 
Energy Efficiency and Energy Management Handbook 

 

 155

 Records. Measuring, metering and monitoring equipment is not of much use without 
good record keeping. Record keeping is particularly important to the process of 
identifying deviations from normal operation and changes in energy efficiency. 
Important information should be logged at regular intervals, either manually or 
automatically. Inexpensive electronic data-loggers with many desirable features and 
capabilities are now available, and collecting and recording data reliably has never 
been easier. 

 Analysis and follow-up. For the measuring or monitoring activity to make sense, 
there must be an analysis of the monitored equipment’s performance records 
(conveniently facilitated by many software packages available on the market) and a 
follow-up on deviations from optimal state. Sometimes, of course, a suitable period 
must first pass in order to confirm that the deviation is systemic in order to establish 
a trend and to confirm the need for a corrective or preventive action. At other times, 
as in a case of simple process inattention, the follow-up must be prompt. 

 Acquisition of new measuring and monitoring equipment and instrumentation with 
an optimum accuracy. For example, boiler plants and other facilities using 
combustion processes consume significant quantities of fuel. For these, purchase of 
an oxygen and combustibles analyser is justifiable because a regularly adjusted 
boiler combustion system can quickly pay back the equipment cost. Similarly, 
equipment that detects compressed air leaks is a worthwhile investment. Chances 
are that it will pay for itself in a short time. 

 Correct installation. One should not assume that an existing installation is 
functioning correctly just because it has been in use for years. Often,measuring 
inaccuracies result from improper installation that must be corrected. Nonintrusive 
measurement techniques are now available, with correspondingly easier installation 
requirements. 

 Develop a proper design of instrument-measuring systems. 

 Detectors of abnormal conditions (e.g. doors to refrigerated warehouse left ajar; 
tank overflow level situation). 

 HVAC monitoring sensors. 

 Replacement of pneumatic controls with direct digital controls; 

 A specific process equipment or application (e.g. boiler, peak demand regulation); 
and 
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 An upgrade or development of a measuring, monitoring and instrumentation system 
and/or its integration into an overall computerized energy management system in 
the facility. 

12.4. Environmental considerations 

Measuring, metering and monitoring equipment helps identify energy wastage – that 
means inefficient energy-using equipment (and, incidentally, allows better justification for 
the need for improvements, including capital purchases). By ensuring that equipment is 
operating at peak efficiency – directly or indirectly – fuel consumption and emissions are 
minimized.  

Monitoring and targeting (M&T) methodology, using these tools, helps to manage energy 
and utilities usage to the same effect. 
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13. Furnaces, dryers and kilns 
 
Many facilities contain fired equipment (e.g. furnaces, dryers and kilns) that consumes fuel 
directly to heat the process, rather than transferring it from a medium such as water or 
steam. In these units, the heat is applied directly or indirectly from the flame to the process 
material. 

Furnaces, dryers and kilns, which operate at very high temperatures, may offer many heat-
recovery and energy-saving opportunities. Before considering heat-recovery options, 
however, consider the following: 

 Examine current practices – is the high heat actually needed? 
 Ensure that these systems are operating at maximum efficiency. First, deal with 

energy losses through excess air, flue-gas temperatures, radiation and conduction. 

13.1. Furnaces 

A furnace is a piece of equipment used to melt metal for casting or to heat materials in 
order to change their shape (rolling, forging, etc.) or their properties (heat treatment). 

13.1.1. Types and Classification of Different Furnaces 
Based on the method of generating heat, furnaces are broadly classified into two types 
namely combustion type (using fuels) and electric type. In case of combustion type 
furnace, depending upon the kind of combustion, it can be broadly classified as oil fired, 
coal fired or gas fired. 

 Based on the mode of charging of material furnaces can be classified as (i) 
intermittent or Batch type furnace or Periodical furnace and (ii) Continuous 
furnace. 

 Based on mode of waste heat recovery as recuperative and regenerative 
furnaces. 

 Another type of furnace classification is made based on mode of heat transfer, 
mode of charging and mode of heat recovery as shown in the Figure39  below. 
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Figure 39. Furnace classification. 

The high temperature furnaces are used in different ceramic industrial applications. These 
furnaces for ceramic processing are engineered with precision and are made by using 
quality grades of steels in the form of forgings, castings and fabricated components. These 
highly durable high temperature furnaces are powered by oil, gas or dual mode and so are 
eco friendly in nature.  

The high temperature furnaces are used for high temperature applications like annealing, 
normalizing, hardening, stress relieving, solution annealing and tempering. Before installing 
high temperature furnaces, you need to ensure that they are manufactured using best 
quality raw materials and are thoroughly tested on various parameters to maintain high 
quality standards of the output products. The high temperature furnaces are available in 
various forms and sizes as per the client’s specifications and requirements. The installation 
of quality high temperature furnaces can lead your business to new heights. 

Since the products of flue gases directly contact the stock, type of fuel chosen is of 
importance. For example, some materials will not tolerate sulphur in the fuel. Also use of 
solid fuels will generate particulate matter, which will interfere the stock place inside the 
furnace. Hence, vast majority of the furnaces use liquid fuel, gaseous fuel or electricity as 
energy input. 

Melting furnaces for steel, cast iron use electricity in induction and arc furnaces. Non-
ferrous melting utilizes oil as fuel. 

Furnace oil is the major fuel used in oil fired furnaces, especially for reheating and heat 
treatment of materials. LDO is used in furnaces where presence of sulphur is undesirable. 
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The key to efficient furnace operation lies in complete combustion of fuel with minimum 
excess air. 

Furnaces operate with efficiencies as low as 7% as against up to 90% achievable in other 
combustion equipment such as boiler. This is because of the high temperature at which the 
furnaces have to operate to meet the required demand. For example, a furnace heating the 
stock to 1,200oC will have its exhaust gases leaving atleast at 1,200oC resulting in a huge 
heat loss through the stack. However, improvements in efficiencies have been brought 
about by methods such as preheating of stock, preheating of combustion air and other 
waste heat recovery systems. 

Forging Furnaces. The forging furnace is used for preheating billets and ingots to attain a 
‘forge’ temperature. The furnace temperature is maintained at around 1,200 to 1,250oC. 
Forging furnaces, use an open fireplace system and most of the heat is transmitted by 
radiation. The typical loading in a forging furnace is 5 to 6 tonnes with the furnace 
operating for 16 to 18 hours daily. The total operating cycle can be divided into (i) heat-up 
time (ii) soaking time and (iii) forging time. Specific fuel consumption depends upon the 
type of material and number of ‘reheats’ required. 

Rerolling Mill Furnace.  
- Batch type: A box type furnace is employed for batch type rerolling mill. The furnace is 

basically used for heating up scrap, small ingots and billets weighing 2 to 20 kg. for 
rerolling. The charging and discharging of the ‘material’ is done manually and the final 
product is in the form of rods, strips etc. The operating temperature is about 1,200oC. 
The total cycle time can be further categorized into heat-up time and rerolling time. 
During heat-up time the material gets heated upto the required temperature and is 
removed manually for rerolling. The average output from these furnaces varies from 10 
to 15 tonnes / day and the specific fuel consumption varies from 180 to 280 kg. of coal / 
tonne of heated material. 

- Continuous Pusher Type: The process flow and operating cycles of a continuous 
pusher type is the same as that of the batch furnace. The operating temperature is 
about 1,250oC. Generally, these furnaces operate 8 to 10 hours with an output of 20 to 
25 tonnes per day. The material or stock recovers a part of the heat in flue gases as it 
moves down the length of the furnace. Heat absorption by the material in the furnace is 
slow, steady and uniform throughout the cross-section compared with batch type. 

Continuous Steel Reheating Furnaces. The main function of a reheating furnace is to raise 
the temperature of a piece of steel, typically to between 900°C and 1,250oC, until it is 
plastic enough to be pressed or rolled to the desired section, size or shape, The furnace 
must also meet specific requirements and objectives in terms of stock heating rates for 
metallurgical and productivity reasons. In continuous reheating, the steel stock forms a 
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continuous flow of material and is heated to the desired temperature as it travels through 
the furnace. 

Continuous Reheating Furnace. Continuous reheating furnaces are primarily categorised 
by the method by which stock is transported through the furnace. There are two basic 
methods: 

 Stock is butted together to form a stream of material that is pushed through the 
furnace. Such furnaces are called pusher type furnaces. 

 Stock is placed on a moving hearth or supporting structure which transports the 
steel through the furnace. Such types include walking beam, walking hearth, rotary 
hearth and continuous recirculating bogie furnaces. 

The major consideration with respect to furnace energy use is that the inlet and outlet 
apertures should be minimal in size and designed to avoid air infiltration. 

- Pusher Type Furnaces: The pusher type furnace is popular in steel industry. It has 
relatively low installation and maintenance costs compared to moving hearth 
furnaces. The furnace may have a solid hearth, but it is also possible to push the 
stock along skids with water-cooled supports that allow both the top and bottom 
faces of the stock to he heated.  
Pusher type furnaces, however, do have some disadvantages, including: 

 Frequent damage of refractory hearth and skid marks on material 

 Water cooling energy losses from the skids and stock supporting structure in 
top and bottom fired furnaces have a detrimental effect on energy use; 

 Discharge must be accompanied by charge: 
 Stock sizes and weights and furnace length are limited by friction and the 

possibility of stock pile-ups. 
 All round heating of the stock is not possible. 

- Walking Hearth Furnaces: The walking hearth furnace allows the stock to be 
transported through the furnace in discrete steps. Such furnaces have several 
attractive features, including: simplicity of design, ease of construction, ability to 
cater for different stock sizes (within limits), negligible water cooling energy losses 
and minimal physical marking of the stock.  
The main disadvantage of walking hearth furnaces is that the bottom face of the 
stock cannot be heated. This can he alleviated to some extent by maintaining large 
spaces between pieces of stock. Small spaces between the individual stock pieces 
limits the heating of the side faces and increases the potential for unacceptable 
temperature differences within the stock at discharge. Consequently, the stock 
residence time may be long, possibly several hours; this may have an adverse 
effect on furnace flexibility and the yield may be affected by scaling. 
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- Rotary hearth furnace: The rotary hearth furnace has tended to supersede the 
recirculating bogie type. The heating and cooling effects introduced by the bogies 
are eliminated, so heat storage losses are less. The rotary hearth has, however a 
more complex design with an annular shape and revolving hearth. 

- Continuous Recirculating Bogie type Furnaces: These types of moving hearth type 
furnaces tend to be used for compact stock of variable size and geometry. In bogie 
furnaces the stock is placed on a bogie with a refractory hearth, which travels 
through the furnace with others in the form of a train. The entire furnace length is 
always occupied by bogies. Bogie furnaces tend to be long and narrow and to suffer 
from problems arising from inadequate sealing of the gap between the bogies and 
furnace shell, difficulties in removing scale, and difficulties in firing across a narrow 
hearth width. 

- Walking Beam Furnaces: The walking beam furnace overcomes many of the 
problems of pusher furnaces and permits heating of the bottom face of the stock. 
This allows shorter stock heating times and furnace lengths and thus better control 
of heating rates, uniform stock discharge temperatures and operational flexibility. In 
common with top and bottom fired pusher furnaces, however, much of the furnace is 
below the level of the mill; this may be a constraint in some applications. 

13.1.2. Heat Transfer in Furnaces 
The main ways in which heat is transferred to the steel in a reheating furnace are shown in 
Figure 40. In simple terms, heat is transferred to the stock by [6]: 

 Radiation from the flame, hot combustion products and the furnace walls and roof; 

 Convection due to the movement of hot gases over the stock surface. 
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Figure 40. Heat Transfer in furnace. 

At the high temperatures employed in reheating furnaces, the dominant mode of heat 
transfer is wall radiation. Heat transfer by gas radiation is dependent on the gas 
composition (mainly the carbon dioxide and water vapour concentrations), the temperature 
and the geometry of the furnace. 

13.1.3. Characteristics of an Efficient Furnace 
Furnace should be designed so that in a given time, as much of material as possible can 
be heated to an uniform temperature as possible with the least possible fuel and labour. To 
achieve this end, the following parameters can be considered. 

1. Determination of the quantity of heat to be imparted to the material or charge. 
2. Liberation of sufficient heat within the furnace to heat the stock and overcome all 

heat losses. 
3. Transfer of available part of that heat from the furnace gases to the surface of the 

heating stock. 
4. Equalisation of the temperature within the stock. 
5. Reduction of heat losses from the furnace to the minimum possible extent. 

Normal furnace losses include the following: 
 Heat storage in the furnace structure;  
 Losses from the furnace outside walls or structure;  
 Heat transported out of the furnace by the load conveyors, fixtures, trays;  
 Radiation losses from openings, hot exposed parts, etc.;  
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 Heat carried by cold air infiltration into the furnace; and 
 Heat carried by the excess air used in the burners. 

The efficiency of a furnace is the ratio of useful output to heat input. The furnace efficiency 
can be determined by both a direct and an indirect method.  

Direct method testing. The efficiency of the furnace can be computed by measuring the 
amount of fuel consumed per unit weight of material produced from the furnace. 

consumed fuel the in Heat

stock the in Heat
  furnace the of efficiency Thermal   

The quantity of heat to be imparted (Q) to the stock can be found from the formula: 

Q = m x Cp x (t2 - t1) 

where: Q = Quantity of heat in kCal  
m = Weight of the material in kg  
Cp = Mean specific heat, in kCal/kgC  
t2 = Final temperature desired, in ºC  
t1 = Initial temperature of the charge before it enters the furnace, in ºC 

Indirect method testing. Similar to the method of evaluating boiler efficiency by indirect 
methods, furnace efficiency can also be calculated by an indirect method. Furnace 
efficiency is calculated after subtracting sensible heat loss in flue gas, loss due to moisture 
in flue gas, heat loss due to openings of the furnace, heat loss through the furnace skin, 
and other unaccounted losses from the input to the furnace.  

The parameters that must be taken into account in order to calculate furnace efficiency 
using the indirect  method include hourly furnace oil consumption, material output, excess 
air quantity, temperature of flue gas, temperature of the furnace at vari ous zones, ski n 
temperature. and hot combustion air temperature. Efficiency is determined by subtracting 
all the heat losses from 100. 

The following measurements should be made to calculate the energy balance in oil-fired 
reheating furnaces (e.g. heating furnaces):  

1. Weight of stock / Number of billets heated; 
2. Temperature of furnace walls, roof, etc,;  
3. Flue gas temperature;  
4. Flue gas analysis; and 
5. Fuel oil consumption.  
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Instruments like infrared thermometer, fuel consumption monitor, surface thermocouple 
and other measuring devices are required to measure the above parameters. Reference 
manuals should be referred to for data like specific heat, humidity, etc. 

Example: In the example of melting one ton of steel from an ambient temperature of 20ºC:  

Specific heat of steel = 0.186 Wh/kg/C. 

Latent heat for melting of steel = 40 Wh/kg/C. 

The melting point of steel  = 1,600ºC. 

Theoretical total heat  = Sensible heat + Latent heat  

Sensible heat = 1,000 kg x 0.186 Wh/kgºC x (1,600 - 20)0C = 294 kWh/t  

Latent heat = 40 Wh/kg x 1,000 kg = 40 kWh/t  

Total heat = 294 + 40 = 334 kWh/t 

Actual energy used to melt to 1,6000C is 700 kWh 

48%  100 x
kWh 007

kWh 334
  furnace the offficiency E   

13.1.4. Tips for improving energy efficiency in furnaces 
 Establish a management information system on loading, efficiency, and specific 

fuel consumption.  
 Prevent infiltration of air, using doors or air curtains. 
 Monitor O2/CO2/CO ratios and control excess air level. 
 Improve burner design, combustion control, and instrumentation.  
 Ensure that the furnace combustion chamber is under slight positive pressure.  
 Use ceramic fiber linings in the case of batch operations.  
 Match the load to the furnace capacity.  
 Retrofit with heat recovery devices. 
 Investigate cycle times and avoid extended hours of runtime and excess heating.  
 Provide temperature controllers.  
 Ensure that the flame does not touch the stock.  
 Repair damaged insulation.  
 Use an infrared gun to check for hot wall areas during hot weather.  
 Ensure that all insulated surfaces are clad with aluminum lining. 
 Insulate all flanges, valves, and couplings. 
 Recover maximum heat from flue gases.  
 Ensure upkeep of heating surfaces by regular cleaning. 
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13.2. Drying technologies 

To remove water or organic solvents by evaporation, a gas (normally air) is used to 
transfer the necessary heat to the substrate to be dried in a variety of industrial equipment. 
The air also carries away the vapour produced. The heating is usually indirect. 

Drying heat can also be supplied by other means such as dielectric heating (including 
microwave and radio frequency techniques), electromagnetic induction, infrared radiation, 
heat conduction through the walls of the dryer and combinations of these methods. 

Direct heating. Direct heating incorporates a mixture of hot combustion gases from a 
burner, recycled air and fresh air. It eliminates the use of heat-transfer equipment in 
indirect drying. Hence, the conventional heat losses are reduced from about 40 to 50% in 
steam-using systems to 10 percent in direct heating. Employing hot exhaust gases from a 
gas turbine in a combined heat and power system further improves the overall efficiency. 
Since natural gas is the most commonly used fuel, products are not contaminated with 
exhaust gases; direct heating may be used to dry food products. 

Direct heating can be cost-effective. It may be included at the process design stage or 
retrofitted into an existing dryer. The benefits include more precise temperature control, 
improved uniformity of heating, increased throughput (i.e. reduction of energy use per unit 
of production) and the possibility of integrating it into an existing control system. 

Electric heating. This method aims the heating effect of electromagnetic energy precisely 
to the solid or to the moisture in the solid, thereby avoiding the need to heat a stream of 
drying air. Efficiency is 100% at the point of use, and the efficiency of generation from AC 
power is 50% for radio frequency and 60% for microwave energy. Induction drying can be 
used only when a substrate is an electrical conductor. The benefits of electric heating 
include precise control of oven temperatures, improved product quality, short start-up 
times, simpler maintenance of the ovens and reduced environmental impact from the 
overall process. 

The speed of drying also improves dramatically (e.g. to as little as 3% of what a 
conventional process would take, as in ceramics drying). That fact results in short payback 
periods of one to three years. 

The energy savings derived from installing an electrically heated dryer depend on the 
energy efficiency of the dryer being replaced. 

13.3. Energy efficiency improving 
To improve the efficiency of dryers and kilns, supplemental processes can be employed: 

 mechanical dewatering, such as with presses; 
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 desaturation – by gravity draining, centrifuging or use of an air knife to remove 
surface moisture; and 

 thermal insulation to system parts that are not insulated or that have insufficient 
insulation (e.g. burner compartments, ductworks, heat exchangers). 

Using superheated steam as the drying medium eliminates the use of air and allows the 
evaporated water to be used as a source of heat for other processes. 

Compared with a conventional dryer, the use of superheated steam results in 20% less 
energy being used. With heat recovery techniques, the energy savings can reach 80%. 

In a dryer installation, heat recovery may apply to the transfer of exhaust heat to the input 
air (e.g. by a heat exchanger or by mixing part of the recycled exhaust with fresh input air), 
to the product or to another process stream or operation. 

Each heat recovery system must be correctly selected for a given application and for the 
dryer used. Such systems may include heat pumps (electrically or gas engine-driven), 
exhaust air recycle systems, heat pipes, direct contact heat exchangers, gas-to-gas plate 
and tubular recuperators, runaround coils and heat wheels. Seek the advice of a 
knowledgeable and unbiased consultant for the best solution to your particular problem 
because you may not receive unbiased advice from a vendor. 

Estimate the economics of a heat recovery system for the given dryer by following these 
steps: 

 Determine the input/output air temperatures and humidities. 
 Evaluate the quantity of heat recoverable through process integration. 
 From the contractor’s quotations, derive value for total cost per kWh of heat 

recovered to estimate the total cost of the project. 
 From local prices, determine the value of each saved kWh. 
 Derive the simple payback period. 

The roller dryers are ideal for ceramic industry and used for drying ceramic wall tiles, 
ceramic floor tiles, single firing, double firing, porcelain tiles, trim pieces, tableware etc. 
Roller dryers are a perfect symbiosis of high economic efficiency and excellent 
performance and thus form a key component in modern ceramic production.  
 
The roller dryers are available at cost effective prices and can also be customized as per 
client’s requirements. The roller dryer is well known for its suitable tolerance, high 
performance, durability and high tensile strength. Special chamber dryer is used for 
manufacturing extruded tiles, trim pieces and dishes. Rapid dryer is used for glazing line as 
well as third firing line. Whereas, rapid belt dryer is used for mosaic. It would be wise to 
choose roller dryers that are engineered with precision as well as designed and developed 
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to meet the various industrial requirements. The roller dryers are used with flexible and 
reliable machines used in ceramic industries and require low maintenance costs. 

Roller kilns are commonly used to fire small, medium and high volumes of Pottery, Sanitary 
ware, Tableware and Technical Ceramics. The benefits of roller kilns are lowest possible 
fuel consumption and flexible control systems which helps in handling different types of 
products quickly. Roller kilns can be used for trim pieces, third firing tiles, twice firing tiles, 
single firing tiles, porcelain stone ware tiles, extruded tiles and table ware tiles. The 
manufacturers of kilns and roller kilns offer roller kiln based on Italian advanced technology 
which is highly used in ceramic tiles industries and pottery products industries globally. The 
single layer roller kiln and roller dryer are also provided as per customers requirements by 
the providers of roller kilns which make the process in ceramic industries convenient.  

The roller kiln with 1,2000C temperature can help in manufacturing ceramic wall tiles and 
ceramic floor tiles with the capacity up to 5,000 m2. The roller kiln is also used for double 
firing, single firing and decoration firing for ceramic tiles industries. Thus, the roller kiln 
offers maximum output, energy savings, fast firing of all types of ceramic products and 
savings in installation and production costs. 

Furnace and kiln stack temperatures are generally higher than boiler stack temperatures. 
Higher temperatures provide several opportunities to recover and re-use heat. The type of 
heat-reclaim system implemented is driven by how the reclaimed heat will be used. Among 
the methods for furnace or kiln heat reclaim are heat exchangers (recuperators). They 
transfer the heat from hot flue gas to combustion air. Regenerative air heaters use two 
separate sets of refractory bricks, which are alternately heated by the hot flue gas and 
cooled by the incoming combustion air. In wood-processing plants, which use biomass 
burners, the heat may also be used to pre-dry the wet bark to be burned. 

Another method to improve energy efficiency, particularly in the cement, lime and alumina 
calcination industries, is with dual fuel burners. These can complement temporary 
shortages of the primary fuel – carbon monoxide (CO) – with natural gas; plants can 
therefore avoid energy-wasting kiln shutdowns when CO supply is low, as one large 
Canadian operator recently demonstrated. 

The energy potential of furnace or kiln waste gases, such as CO, can be put to good use in 
a variety of industries (primary metals, petrochemical, recycling) by recovering the heat 
from the flares. This heat can be used for boiler combustion air pre-heating or even for 
micro-turbine generator operation. 

13.4. Energy management opportunities 

These ideas are in addition to the those presented above [8]: 
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 Paying proper attention to the drying equipment and upstream processes can save 
10% of the total energy load. 

 Implement a program of regular inspection and preventive maintenance. 
 Maintain proper burner adjustments and monitor flue gas combustibles and oxygen. 
 Keep heat exchanger surfaces clean. 
 Schedule production so that each furnace/kiln or drying oven operates near 

maximum output. 
 Maintain equipment insulation. 
 Upgrade or add monitoring and control equipment. 
 Relocate combustion air intake to recover heat from other processes (or from within 

the building). 
 Replace warped, damaged or worn furnace doors and covers. 
 Install an air-to-liquid heat exchanger to heat process liquids such as boiler make-up 

water (large systems may permit the use of a waste-heat boiler). 
 Install a scrubber to recover heat while removing undesirable particles and gases 

(captured and recycled particulate matter may help reduce raw material cost). 
 Examine other types of drying heat delivery (i.e. modern product heating/drying 

technologies already described), for replacing outdated drying/curing ovens. 
 Examine the use of supplementary fuels for kiln furnace operations (e.g. old tires). 
 Integrate and automate operational control for optimum energy efficiency. 
 Change the method of conveying product through an oven to facilitate rapid heat 

transfer to the product (e.g. exchanging wagons for open heat-resistant 
racks/platforms, etc.). 
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14. Waste heat recovery 
 
Waste heat is rejected heat released from a process at a temperature that is higher than 
the temperature of the plant air. As it is often available at a temperature that is lower than 
the intended level, its temperature must be raised, or “upgraded,” through the use of 
suitable equipment. Waste heat, in the most general sense, is the energy associated with 
the waste streams of air, exhaust gases, and/or liquids that leave the boundaries of a plant 
or building and enter the environment. It is implicit that these streams eventually mix with 
the atmospheric air or the groundwater and that the energy, in these streams, becomes 
unavailable as useful energy. The absorption of waste energy by the environment is often 
termed thermal pollution. In a more restricted definition waste heat is that energy which is 
rejected from a process at a temperature high enough above the ambient temperature to 
permit the economic recovery of some fraction of that energy for useful purposes. 

14.1. Heat recovery technologies 

An effective way to cut HVAC energy costs is to apply heat recovery technology. However, 
the biggest problem with these systems is maintenance. Often in a plant environment, the 
prime effort goes into maintaining production to the detriment of everything else, and that 
includes the maintenance of heat recovery systems. A poorly maintained heat recovery 
system may eliminate energy savings and lead to deterioration of indoor air quality. 

The principal reason for attempting to recover waste heat is economic. All waste heat that 
is successfully recovered directly substitutes for purchased energy and therefore reduces 
the consumption of and the cost of that energy.  

A second potential benefit is realized when waste-heat substitution results in smaller 
capacity requirements for energy conversion equipment. Thus the use of waste-heat 
recovery can reduce capital costs in new installations. A good example is when waste heat 
is recovered from ventilation exhaust air to preheat the outside air entering a building. The 
waste-heat recovery reduces the requirement for space-heating energy. This permits a 
reduction in the capacity of the furnaces or boilers used for heating the plant. The initial 
cost of the heating equipment will be less and the overhead costs will be reduced. Savings 
in capital expenditures for the primary conversion devices can be great enough to 
completely offset the cost of the heat-recovery system. Reduction in capital costs cannot 
be realized in retrofit installations unless the associated primary energy conversion device 
has reached the end of their useful lives and are due for replacement. 

A third benefit may accrue in a very special case. As an example, when an incinerator is 
installed to decompose solid, liquid, gaseous or vaporous pollutants, the cost of operation 
may be significantly reduced through waste-heat recovery from the incinerator exhaust 
gases.  
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Finally, in every case of waste-heat recovery, a gratuitous benefit is derived: that of 
reducing thermal pollution of the environment by an amount exactly equal to the energy 
recovered, at no direct cost to the recoverer. 

Heat recovery involves reclaiming heat from the building and from process exhaust air and 
using it to heat make-up air in winter and to cool make-up air in summer. Both latent heat 
and sensible heat can be recovered and, if the plant is humidified, may provide 
considerable savings. The following conditions produce the highest payback with a heat 
recovery system [8]: 

 high-volume, high-temperature differential exhaust, especially if localized; 
 high indoor humidity requirements; 
 low internal heat generation in the plant; and 
 existence of a ducted make-up air system. 

A heat recovery system should be considered if at least one of these conditions is fulfilled; 
it may then be economical. Usually, recovery of 65% of exhaust heat can be accomplished 
with a reasonable payback period. However, recent developments now allow heat recovery 
from even small temperature-gradient streams, and a suitable application should be 
investigated. Among the major types of heat recovery equipment are: 

 heat-recovery wheel; 
 heat-pipe heat exchanger; 
 stationary surface air-to-air heat exchanger; 
 run-around glycol-loop heat recovery; and 
 heat pump-based systems. 

Each type has advantages and disadvantages. The most suitable type should be selected 
after a thorough analysis of the proposed application. 

The types of technology that are commonly used to recover waste heat and make it 
available for re-use are the following: 

 Direct usage and heat exchangers make use of the heat “as is.” 
 Heat pumps and vapour recompression systems upgrade the heat so that it can 

perform more useful work than could be achieved at its present temperature. 
 There are multi-stage operations such as multi-effect evaporation, steam 

flashing and combinations of the approaches already mentioned. 

14.1.1. Direct usage.  
Direct usage involves using the waste heat stream as it is for another purpose. Examples 
of direct use include using boiler flue gas for drying and using warm exhaust air from a 
mechanical room to heat an adjacent area. Direct usage techniques require precautions 
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and controls to ensure that the untreated waste stream does not cause harmful effects, 
such as contaminating the product or endangering health and safety. 

14.1.2. Heat exchangers.  
Heat exchangers and heat pumps have the widest range of applications, regardless of the 
industry type. Heat exchangers transfer heat from one stream to another without mixing the 
streams. Heat exchangers belong to one of the following categories, according to use: 

 gas-to-gas (plate type, heat-wheel type, concentric tube, metallic radiation 
recuperator, Z-box, runaround systems, heat pipes, furnace burner heat 
recuperation); 

 gas-to-liquid, liquid-to-gas (finned tube, spiral, waste-heat boilers); 
 liquid-to-liquid (plate type, spiral, shell and tube types); and 
 fluidized bed (for severely fouling environments, such as in pulp and paper mills) 

The newly released compact heat exchangers (CHEs) are still at the stage of active 
development but are being greeted enthusiastically. Their volumes are less than half of 
those of comparable shell-and-tube heat exchangers, they are more versatile, and they 
allow more energy to be transferred between the streams (sometimes even multiple 
streams). A CHE also offers the possibility of combining functions with other unit 
operations, thus changing the process design radically.  

Through the possibility of combining a CHE with reactors and separators, additional 
applications of energy efficiency opportunities have arisen in fuel cells, absorption cycle 
machines, gas turbines and reformers. A CHE achieves high heat transfer coefficient in 
small volumes, usually through extended surfaces. It offers tighter process control. Other 
techniques, such as rotation, led to the development of compact heat pumps, separators 
and reactors, also allowing faster processing – all contributing to making process 
operations more energy efficient. 

14.1.3. Heat pumps.  
Heat pumps enhance the usefulness of a waste energy stream by raising its temperature 
(a mechanical refrigeration system adds mechanical energy to the stream of recovered 
heat). A heat pump is most beneficial where heat from a low-temperature waste stream 
can be upgraded economically. Heat pumps are one of the least-understood categories of 
energy efficiency equipment. This may be one reason that this useful method of waste heat 
recovery (and of heat dissipation!) is not as widespread as it deserves to be. It is true that 
heat pump installations are complex and expensive, requiring a detailed technical and 
economic feasibility study. The rewards for heat pump deployment, however, can be 
impressive. Heat pumps are often applied in combination with other means of conserving 
energy to improve overall efficiency even further. 
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14.1.4. Vapour recompression.  
Vapour recompression systems upgrade the thermal content of low-temperature vapours 
by one of two methods: 

 Mechanical vapour recompression (MVR) – Centrifugal or positive displacement 
compressors are used to raise the pressure (and thus the temperature) of a vapour 
stream. 

 Thermal vapour recompression (TVR) – The temperature of a vapour stream is 
increased by injecting it with hotter vapour. 

14.1.5. Multi-stage operations.  
Multi-stage operations derive greater energy efficiency through the energy cascading effect 
in applications that involve heating or cooling. Examples include the sugar, distilling, 
petrochemical and food industries. In evaporation, energy usage can be reduced by two 
thirds when a single-effect evaporation is replaced with triple-effect technology. 

14.2. Energy management opportunities 

Waste heat (or surplus heat) recovery is the process of recovering and re-using rejected 
heat to replace purchased energy. Heat recovery opportunities arise in the process and 
environmental systems of almost every facility. Recovery and re-use of waste heat can 
reduce energy costs and improve the profitability of any operation. 

Usable energy may be available from: 
 hot flue gases; 
 hot or cold water drained to a sewer; 
 exhaust air; 
 hot or cold product or waste product; 
 cooling water or hydraulic oil; 
 ground-source thermal energy; 
 heat collected from solar panels; 
 superheat and condenser heat rejected from refrigeration equipment; and 
 other sources. 

In contemplating waste heat recovery, take into account the following considerations: 
 Compare the supply and demand for heat. 
 Determine how easily the waste heat source can be accessed. 
 Assess the distance between the source and demand. 
 Evaluate the form, quality and condition of the waste heat source. 
 Determine whether there are any product quality implications of the waste heat 

recovery project. 
 Determine the temperature gradient and the degree of heat upgrade required. 
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 Determine any regulatory limitations regarding the potential for product 
contamination, health and safety. 

 Perform suitability and economic comparisons (using both the payback period and 
annuity method evaluations) on the short-listed heat recovery options. 

Modifying or converting an established, inefficient HVAC system to improve efficiency will 
save energy. Here are some examples: 

 Utilizing adjustable speed drives for fans and pumps will improve the HVAC 
system’s operating efficiency and reduce costs. 

 Converting constant volume, terminal reheat systems into variable air volume 
(VAV) systems saves fan energy as well as heating and cooling energy.Multi-
zone and dual-duct systems also present opportunities for savings by conversion 
to VAV systems. 

 In areas where heat losses are high, such as in shipping and receiving areas and 
vehicle repair bays, replacing conventional convection heating systems with gas-
fired infrared heaters will save energy. With the radiant heating system, space 
temperatures can be kept much lower without reducing occupants’ comfort. 

 Replace electric resistance heaters, the most expensive form of space heating, 
with an alternative source, such as direct or indirect gas firing or (where possible) 
boilers. 

 Capture waste heat from a clean waste stream that is normally discharged to the 
atmosphere or drain by piping the waste stream to the point of use. 

 Utilize the waste process water as a heat source for a heat pump. 
 Utilize the heat of the plant effluent being treated in a wastewater treatment plant 

(where applicable) as a heat source for a heat pump. 
 Re-use hot exhaust air for drying purposes. 
 Install improved automatic controls. 
 Consider re-using heat from cooling hydraulic oil circulating (e.g. within moulding 

machines and the injection moulds themselves); it reduces the electrical load on 
the production process as well. 

 Install waste heat reclamation equipment (e.g. replacing a cooling tower 
circulation loop with a shell-and-tube heat exchanger). 

 Consider upgrading or replacing outdated waste heat reclamation equipment. 
 Consider combining a flue gas heat recuperator with a heat pump and 

neutralization of an alkaline effluent by the flue gas. 
 Consider deploying AHTs. 
 Consider installing a CHE and integrating it with other processes. 
 In a large computer centre, consider capturing the heat generated by, for 

example, using cold and hot thermal storage, or by using a double-bundle turbo 
refrigerator to recover the heat generated by refrigeration. 
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 Consider converting high-temperature flue gas heat (e.g. from metallurgical 
furnaces) into superheated steam for steam turbine power generation. 
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15. Combined heat and power (CHP) 
 
Combined heat and power (CHP), also known as cogeneration, is the simultaneous 
production of electricity and heat from a single fuel source, such as: natural gas, biomass, 
biogas, coal, waste heat, or oil. CHP is a very efficient way to transform the chemically 
bonded energy in a fuel (primary energy) to a useable energy form. In a CHP plant heat 
and electricity is produced simultaneously with more than 85% efficiency while in a 
conventional condensing power plant only electricity is produced and 45-70% of the energy 
content in the fuel is cooled off and not used.  

CHP systems employ a single unit to produce electricity and heat or sometimes provide 
shaft power to drive other equipment. They can be economical in situations where heat at 
an appropriate temperature level is required and a demand for power also exists. The 
energy efficiency aspect of CHP and its environmental benefits in reduction of CO2 and NO 
emissions are reasons for a mounting interest in this rapidly developing technology. 

The fuel in a CHP plant can be fossil fuels like natural gas, coal and oil or renewable fuels 
like biogas, wood chips and pellets, but also municipal and industrial waste. In an industrial 
application, the fuel can preferably be a fuel that originates from the specific production 
process, for example bark in a pulp mill. 

15.1. CHP technology 

CHP is not a single technology, but an integrated energy system that can be modified 
depending upon the needs of the energy end user. The first-generation CHP plants have 
been around for decades – in Denmark, 48% of power demand and 38% of heat demand 
were supplied by CHP plants in 1996. However, the restructuring of energy generation is 
making it easier for the industry to contemplate CHP installations with the option of selling 
surplus electricity to the power distribution grid.  

In contrast to traditional central power generation from a local utility, CHP systems are 
located on or near the user’s facility and satisfy all or part of its electricity requirements.  
Conventional power generation converts on average only about a third of its fuel’s potential 
energy into electricity, throwing off substantial heat during the process.  The CHP system 
captures this wasted heat, achieving total system efficiencies of 75% to 85% and turning it 
into usable thermal energy for hot water, sterilization, space heating, cooling, even 
dehumidification.  It does this more efficiently, economically, reliably and with less harm to 
the environment than centralized, dedicated electric production.  

A CHP unit typically consists of a prime mover – for generation of electricity – and a heat 
recovery steam generator. 
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This will help in selecting the type of prime mover for the system and in selecting the 
appropriate size. The greatest energy efficiency is obtained when a unit is operating at full 
load. Hence, situations of extended part-load operation or long shutdowns that may result 
from using an oversized unit should be avoided. 

CHP systems are evolving rapidly, and manufacturers offer units that have a great range of 
outputs, from tens of MW all the way down to the 1-kW level. A lot of effort is devoted to 
the development of small-scale CHP technologies. They are based mainly on the Rankin 
or steam turbine cycle, reciprocating engine cycle or gas turbine cycle. 

CHP provides: 
 Onsite generation of electrical and/or mechanical power. 
 Waste-heat recovery for heating, cooling, dehumidification, or process 

applications. 
 Seamless system integration for a variety of technologies, thermal applications, 

and fuel types into existing building infrastructure. 
  

The two most common CHP system configurations are: 
 Gas turbine or engine with heat recovery unit 
 Steam boiler with steam turbine 

 
Figure 41. Gas Turbine or Engine With Heat Recovery Unit. 

Gas turbine or reciprocating engine CHP systems generate electricity by burning fuel 
(natural gas or biogas) to generate electricity and then use a heat recovery unit to capture 
heat from the combustion system's exhaust stream. This heat is converted into useful 
thermal energy, usually in the form of steam or hot water. Gas turbines/engines are ideally 
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suited for large industrial or commercial CHP applications requiring ample amounts of 
electricity and heat. 

 
Figure 42. Steam Boiler With Steam Turbine. 

Steam turbines normally generate electricity as a byproduct of heat (steam) generation, 
unlike gas turbine and reciprocating engine CHP systems, where heat is a byproduct of 
power generation. Steam turbine-based CHP systems are typically used in industrial 
processes, where solid fuels (biomass or coal) or waste products are readily available to 
fuel the boiler unit. 

Gas and steam turbines are better suited to industries where a steady and high demand for 
high-pressure steam exists, such as in wood and paper and petrochemical facilities. Gas 
engines are used mostly for < 1–3 MW installations in industries that have a demand for 
low-pressure steam and/or hot water, such as in the food industry. Steam turbines are 
used in locations where steam surplus to demand is available. 

Table 19. Small-scale CHP comparisons [8]. 

Efficiency, % 

Technology NOx, ppm Heat Electric Total 

1 MW natural gas turbine < 20 60 - 65 20 - 25 85 – 90 
1 MW natural gas reciprocating turbine 108 50 35 - 40 85 – 90 
New, utility-sized combined cycle gas 
turbine (no transmission and distribution) 

n/a n/a 55 55 

Current power grid (including transmission 
and distribution) 

n/a n/a 30 30 

New industrial gas boiler   24 85 n/a 85 
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Average installed industrial boiler 120 65 7 - 20 75 – 85 
Back pressure steam turbine n/a 65 7 - 20 75 - 85 
Fuel cells 0.05 - 50 - 

The energy source is mainly natural gas, although waste, biomass, biogas, diesel, 
gasoline, coal and oil may be used in some installation configurations.The power-to-heat 
ratio of generation is improving, from the earlier value of 0.5 to the current 0.6-0.7 and is 
still rising, toward 1.0, for a total efficiency of 80%.The simple paybacks for CHP 
installations may range from 1.5 to 10 years, with 4.5 years being the average. 

Improvements in automatic monitoring and controls enable most CHP systems to operate 
without any permanent staff at the plant; one person can look after several units. 

New developments are notable in gas microturbines (output of 500 kW or less) and fuel 
cells. Their compact size offers the possibility to eliminate transmission and distribution 
losses by locating the power/heat source close to the point of intended use. 

The capital costs of microturbines currently well exceed those systems that have 
reciprocating engines as prime movers. The higher initial cost of these systems is offset, 
however, by their virtually maintenance-free design. Also, their overall efficiency is further 
increased because the turbine, compressor and permanent magnet are mounted on a 
single shaft, avoiding mechanical losses. 

The fuel cells convert chemical energy directly into electricity. They are virtually non-
polluting, quiet and have low maintenance requirements. Industrial installations include 200 
kW phosphoric acid fuel cells and the recently introduced 250 kW proton exchange 
membrane power unit. Although the heat output is relatively low grade (80°C), future 
increases of up to 150°C are expected, which should allow easier steam generation. 

15.1.1. Biomass CHP 
The use of renewable fuels for power generation is on the rise, an increase that can be 
attributed to the price surge and volatility of traditional fuels, as well as a general desire to 
use more environmentally friendly materials for power generation. Wind, solar, and 
biomass are experiencing strong market growth, but of these renewable energy sources, 
only biomass can be used to efficiently produce both heat and power, by fueling a 
combined heat and power (CHP) system. 

Biomass is most economical as a fuel source when the CHP system is located at or close 
to the biomass fuel stock. In some cases, the availability of biomass in a location may 
prompt the search for an appropriate thermal host for a CHP application. In other 
circumstances, a site may be driven by a need for energy savings to search for biomass 
fuel within a reasonable radius of the facility. 
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One cost-effective approach to sourcing biomass for CHP is to use opportunity fuels - 
waste materials from agricultural or industrial processes that are available at or close to the 
CHP site. Utilizing these opportunity fuels may have additional benefits, including 
displacing purchased fossil fuel, freeing up landfill space, and reducing tipping fees 
associated with waste disposal. Opportunity fuels include: 

 Biomass such as wood and wood wastes, sawdust, and combustible agricultural 
wastes. 

 Biogas created in anaerobic digesters from the breakdown of organic matter 
such as wastewater sludge or farm waste. 

 Black liquor: a byproduct of the pulping process. 

15.2. Energy management opportunities 

Before a decision on CHP project initiation can be made, there must be adequate 
knowledge of the following: 

 the electrical and thermal load profiles of the facility that also take into account 
seasonal variations; 

 the price relationship between electricity and fuel; 
 the potential for energy conservation and energy efficiency projects; 
 the outlook for future energy demand of the facility; and 
 investment costs involved and possible financial incentives/assistance.  

To increase the heat load in a heating system, it is possible to use the heat in absorption 
chillers for cooling production. This can for example be interesting in a food production 
plant. 

Consider installing more than one CHP unit – or adding thermal storage to the design – to 
ensure high utilization level of the installation and its flexibility in maintaining full-load 
conditions for the highest energy efficiency. 

Improve your electricity revenue and thus the economy of the plant by adding thermal 
storage capacity (usually worth 10 hours during daytime) to the CHP. Heat storage 
improves electricity production during high-price/peak-demand periods by storing heat 
against future demand. 

In general, investments in CHP systems are more profitable the larger the system is due to 
the relatively high specific investment costs. If it is planned to replace a boiler station used 
for the production of hot water and/or steam in a production plant, it is strongly advised to 
consider replacing it with a high pressure boiler making simultaneous production of 
electricity possible. A feasibility study where, amongst others, the following considerations 
are made is advised: 
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 What steam pressure levels are needed in the production processes? Can high 
pressure level consumers be converted to lower levels and are there steam 
consumers that can be converted to hot water?  

 If the system is based on fossil fuels today, is it possible to convert it to a 
biomass based one and thus make green tariff electricity production possible?  

 Is it possible to deliver hot water to a district heating system in the vicinity of the 
plant?  

 Is an expansion of the production capacity foreseen in the near future? 

Below a number of possible measures to increase the efficiency in CHP systems are 
presented:   

 Insulation of pipes - All piping and valves conveying steam and condensate 
should be properly insulated and weatherproofed.  

 Condensate recovery - As much condensate as is economically possible should 
be returned from sources where there is no likelihood of contamination. This will 
save heat, make-up water and any chemicals used for water treatment.  

 Frequency controlled motors – All major pumps and fans should be frequency 
controlled  

 Increased feed water temperature – By installing a high pressure feed water pre-
heater the electrical efficiency can be increased.  

 Convert high pressure level steam consumers to lower levels (See below). 
 Ensure regular inspection and preventive maintenance. 
 Analyse your current heat and power demand situation and perspectives; 

evaluate the economic potential of a possible CHP installation. 
 Add an economizer for feedwater preheating to improve total efficiency. 
 Install a CHP unit. 
 Upgrade your CHP installation to a combined cycle where, for example, steam is 

expanded in a steam turbine to produce additional electricity. 
 Complement your CHP with daytime (diurnal) heat storage to improve  
 electricity production and its profitability during high-tariff and peak demand 

periods for use against subsequent demand. 
 Consider alternative uses of CHP where the unit’s shaft is used to drive other 

equipment (e.g. refrigeration compressor, HVAC compressor or air compressor) 
instead of using a steam generator. 

 Consider using the recovered heat through an absorption chiller for cooling 
purposes instead of water heating or for air heating for dryer or space heating. 

 Consider integrating your CHP with a heat pump to utilize a low-temperature 
heat source for a highly energy-efficient system. 
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16. Alternative opportunities to improving energy efficiency 
 
Energy costs can be reduced if expensive sources can be replaced with cheaper forms. 
Very often, this option is overlooked. Certainly, alternative sources of energy should be 
investigated in light of the advances made in the various technologies worldwide. 

Any energy source that is classified as an “alternative energy source” is that because, at 
one time it was not selected as the best choice. If the original choice of an energy source 
was a proper one the use of an alternative energy source would make sense only if some 
condition has changed. This might be: 

1. Present or impending nonavailability of the present energy source  
2. Change in the relative cost of the present and the alternative energy  
3. Improved reliability of the alternative energy source 
4. Environmental or legal considerations 

To some, an alternative energy source is a nondepleting or renewable energy source, and, 
for many it is this characteristic that creates much of the appeal. Although the terms 
“alternative energy source” and “renewable energy sources” are not synonymous, it will be 
noted that some of the alternative energy sources discussed in this section are renewable. 
It is also interesting that what we now think of as alternative energy sources, for example 
solar and wind, were at one time important conventional sources of energy. Conversely, 
natural gas, coal, and oil were, at some time in history, alternative energy sources. 
Changes in the four conditions listed above, primarily conditions 2 and 3, have led us full 
circle from the use of solar and wind, to the use of natural gas, coal, and oil, and back 
again in some situations to a serious consideration of solar and wind. 

In a strict sense, technical feasibility is not a limitation in the use of the alternative energy 
sources that will be discussed. Solar energy can be collected at any reasonable 
temperature level, stored, and utilized in a variety of ways. Wind energy conversion 
systems are now functioning and have been for many years. Refuse-derived fuel has also 
been used for many years. What is important to one who must manage energy systems 
are the factors of economics, reliability, and in some cases, the nonmonetary benefits, 
such as public relations. 

16.1. Solar energy 

 “Solar walls” and similar new devices use solar energy to temper outdoor air in winter with 
reasonable payback periods. It captures solar energy, provides additional insulation to the 
building and de-stratifies indoor air. Paybacks as short as one year are possible. 

Solar energy arrives at the outer edge of the earth’s atmosphere at a rate of about 1,353 
W/m2. This value is referred to as the solar constant. Part of this radiation is reflected back 
to space, part is absorbed by the atmosphere and re-emitted, and part is scattered by 
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atmospheric particles. As a result, only about two-thirds of the sun’s energy reaches the 
surface of the earth. 

A most important consideration is the system’s ability to use the solar energy when it is 
available. A space-heating system, for example, cannot use solar energy in the summer. In 
industrial systems, energy demand will rarely correlate with solar energy availability. In 
some cases, the energy can be stored until needed, but in most systems, there will be 
some available solar energy that will not be collected. Because of this factor, particular 
types of solar energy systems are most likely to be economically viable. Laundries, car 
washes, motels, and restaurants, for example, need large quantities of hot water almost 
every day of the year. A solar waterheating system seems like a natural match for such 
cases. On the other hand, a solar system that furnishes heat only during the winter, as for 
space heating, may often be a poor economic investment. The amount of solar energy 
available to collect in a system depends upon whether the collectors move to follow or 
partially follow the sun or whether they are fixed. In the case of fixed collectors, the tilt from 
horizontal and the orientation of the collectors may be significant. The remainder of this 
section considers the energy available to fixed solar collecting systems. 

The fraction of the incident sunlight that is collected by the solar collector for useful 
purposes is called the collector efficiency. This efficiency depends upon several variables, 
which might change for a fixed absorber plate design and fixed amount of back and side 
insulation. These are: 

- Rate of insolation 
- Number and type of glazing 
- Ambient air temperature 
- Average (or entering) coolant fluid temperature 
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Figure 43. Typical double-glazed flatplate collector, liquid type. 

A comparison of collector efficiencies for different type of flat-plate collectors is shown in 
Figure 44. Because of the lack of glazing reflections, the unglazed collector has the highest 
efficiencies at the lower collector temperatures. This factor, combined with its lower cost, 
makes it useful for swimming pool heating. The single-glazed collector also performs well 
at lower collector temperatures, but like the unglazed collector, its efficiency drops off at 
higher collection temperatures because of high front losses. The double-glazed collector, 
although not performing too well at lower temperatures, is superior at the higher 
temperatures and might be used for space heating and/or cooling applications. The 
efficiency of an evacuated tube collector is also shown in Figure 44. It can be seen that it 
performs very poorly at low temperatures, but because of small heat losses, does very well 
at higher temperatures. 

 
Figure 44. Typical double-glazed flatplate collector, liquid type. 

A very important characteristic of a solar collector surface is its selectivity, the ratio of its 
absorptance αs for sunlight to its emittance ε for long-wavelength radiation. A collector 
surface with a high value of αs/ε is called a selective surface. Since these surfaces are 
usually formed by a coating process, they are sometimes called selective coatings. The 
most common commercial selective coating is black chrome. Note that at short 
wavelengths (~ 0.5 μ), typical of sunlight, the absorptance is high. At the longer 



Programme “Energy Efficiency and Green Economy” (BEECIFF) 
Energy Efficiency and Energy Management Handbook 

 

 184

wavelengths (~2 μ and above), where the absorber plate will emit most of its energy, the 
emittance is high. Selective surfaces will generally perform better than ordinary blackened 
surfaces. 

Air-type collectors are particularly useful where hot air is the desired end product. Air 
collectors have distinct advantages over liquid-type collectors: 

- Freezing is not a concern. 
- Leaks, although undesirable, are not as detrimental as in liquid systems. 
- Corrosion is less likely to occur. 

Air systems may require large expenditures of fan power if the distances involved are large 
or if the delivery ducts are too small. Heat-transfer rates to air are typically lower than those 
to liquids, so care must be taken in air collectors and in air heat exchangers to provide 
sufficient heat-transfer surface. This very often involves the use of extended surfaces or 
fins on the sides of the surface, where air is to be heated or cooled. 

16.2. Thermal storage systems 

Because energy demand is almost never tied to solar energy availability, a storage system 
is usually a part of the solar heating or cooling system. The type of storage may or may not 
depend upon the type of collectors used. With air-type collectors, however, a rock-bed type 
of storage is sometimes used (Figure 45). 
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Figure 45. Active system using air heater with rock-bed heat storage in basement. 

The rocks are usually in the size range 2 to 5 cm in diameter to give the best combination 
of surface area and pressure drop. Air flow must be down for storing and up for removal if 
this type system is to perform properly. Horizontal air flow through a storage bed should 
normally be avoided. 

The amount of storage required in any solar heating system is tied closely to the amount of 
collector surface area installed, with the optimum amount being determined by a computer 
calculation. If the storage is too large, the system will not be able to attain sufficiently high 
temperatures, and in addition, heat losses will be high. If the storage is too small, the 
system will overheat at times and may not collect and store a large enough fraction of the 
energy available. 

The most common solar thermal storage system is one that uses water, usually in tanks. 
Water has the highest thermal storage capability of any common single-phase material per 
unit mass or per unit volume. It is inexpensive, stable, nontoxic, and easily replaced. Its 
main disadvantage is its high vapor pressure at high temperatures. This means that high 
pressures must be used to prevent boiling at high temperatures. Water also freezes, and 
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therefore in most climates, the system must either drain all of the collector fluid back into 
the storage tank, or use antifreeze in the collectors and separate the collector fluid from the 
storage fluid by use of a heat exchanger. 

Drain-down systems must be used cautiously because one failure to function properly can 
cause severe damage to the collectors and piping. It is the more usual practice in large 
systems to use a common type of heat exchanger, such as a shell-and-tube exchanger, 
placed external to the storage tank. Another method, more common to small solar 
systems, is to use coils of tubing around the tank or inside the tank. In any installation 
using heat exchangers between the collectors and storage, the exchanger must have 
sufficient surface for heat transfer to prevent impairment of system performance. Too small 
a surface area in the exchanger causes the collector operating temperature to be higher 
relative to the storage tank temperature, and the collector array efficiency decreases. As a 
rough rule of thumb, the exchanger should be sized so as to give an effectiveness of at 
least 0.60, where the effectiveness is the actual temperature decrease of the collector fluid 
passing through the exchanger to the maximum possible temperature change. The 
maximum possible would be the difference between the design temperature of the collector 
fluid entering the exchanger and the temperature entering from the storage tank. 

Stratification normally occurs in water storage systems, with the warmest water at the top 
of the tank. Usually, this is an advantage, and flow inlets to the tank should be designed so 
as not to destroy this stratification. The colder water at the bottom of the tank is usually 
pumped to the external heat exchanger and the warmer, returning water is placed at the 
top or near the center of the tank. Hot water for use is usually removed from the top of the 
tank. 

Phase-change materials (PCMs) have been studied extensively as storage materials for 
solar systems. They depend on the ability of a material to store thermal energy during a 
phase change at constant temperature. This is called latent storage, in contrast to the 
sensible storage of rock and water systems. In PCM systems large quantities of energy 
can be stored with little or no change in temperature. The most common PCMs are the 
eutectic salts. Commercial PCMs are relatively expensive and, to a certain extent, not 
completely proven as to lifetime and reliability. They offer distinct advantages, however, 
particularly in regard to insulation and space requirements, and will no doubt continue to be 
given attention. 

Thermal energy storage will play a large role in the future of demand side management 
programs of both private organizations and utilities. An organization that wishes to employ 
a system wide energy management strategy will need to be able to track, predict and 
control their load profile in order to minimize utility costs. This management strategy will 
only become more critical as electricity costs become more variable in a deregulated 
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market. Real time pricing and multi-facility contracts will further enhance the savings 
potential of demand management, within which thermal energy storage should become a 
valuable tool. 

The success of the storage system and the HVAC system as a whole depend on many 
factors: 

 The chiller load profile, 
 The utility rate schedules and incentive programs, 
 The condition of the current chiller system, 
 The space available for the various systems, 
 The selection of the proper storage medium, and 
 The proper design of the system and integration of this system into the current 

system. 

Thermal storage is a very attractive method for an organization to reduce electric costs and 
improve system management. New installation projects can utilize storage to reduce the 
initial costs of the chiller system as well as savings in operation. Storage systems will 
become easier to justify in the future with increased mass production, technical advances, 
and as more companies switch to storage. 

16.3. Absorption and Geothermal Heat Pumps 

16.3.1. Absorption Heat Pumps 
A new type of heat pump for residential systems is the absorption heat pump, also called a 
gas-fired heat pump. Absorption heat pumps use heat as their energy source, and can be 
driven with a wide variety of heat sources. 

Absorption heat pumps are essentially air-source heat pumps driven not by electricity, but 
by a heat source such as natural gas, propane, solar-heated water, or geothermal-heated 
water. Because natural gas is the most common heat source for absorption heat pumps, 
they are also referred to as gas-fired heat pumps. There are also absorption coolers 
available that work on the same principal, but are not reversible and cannot serve as a 
heat source. These are also called gas-fired coolers. 

Residential absorption heat pumps use an ammonia-water absorption cycle to provide 
heating and cooling. As in a standard heat pump, the refrigerant (in this case, ammonia) is 
condensed in one coil to release its heat; its pressure is then reduced and the refrigerant is 
evaporated to absorb heat. If the system absorbs heat from the interior of your home, it 
provides cooling; if it releases heat to the interior of your home, it provides heating. 

The difference in absorption heat pumps is that the evaporated ammonia is not pumped up 
in pressure in a compressor, but is instead absorbed into water. A relatively low-power 
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pump can then pump the solution up to a higher pressure. The problem then is removing 
the ammonia from the water, and that's where the heat source comes in. The heat 
essentially boils the ammonia out of the water, starting the cycle again. 

A key component in the units now on the market is generator absorber heat exchanger 
technology, or GAX, which boosts the efficiency of the unit by recovering the heat that is 
released when the ammonia is absorbed into the water. Other innovations include high-
efficiency vapor separation, variable ammonia flow rates, and low-emissions, variable-
capacity combustion of the natural gas.  

Although mainly used in industrial or commercial settings, absorption coolers are now 
commercially available for large residential homes, and absorption heat pumps are under 
development. The 5-ton residential cooler systems currently available are only appropriate 
for homes on the scale of 370 m2 or more. 

Absorption coolers and heat pumps usually only make sense in homes without an 
electricity source, but they have an added advantage in that they can make use of any heat 
source. Because of this, they can make use of solar energy, geothermal hot water, or other 
heat sources. They are also amenable to zoned systems, in which different parts of the 
house are kept at different temperatures. 

The efficiency of air-source absorption coolers and heat pumps is indicated by their 
coefficient of performance (COP). COP is the ratio of either heat removed (for cooling) or 
heat provided (for heating) in kJ per kJ of energy input. Look for a heating efficiency of 1.2 
COP or greater and a cooling efficiency of 0.7 COP or greater. 

16.3.2. Geothermal Heat Pumps 
The heat contained in ground water may be used at little or no cost for both the HVAC and 
process heating purposes. There have been many developments that employ ground-
source heat pumps singly or in combination with other systems. The use of the systems 
range from heating water in a fish hatchery, for example in Canada, to providing up to 88% 
of heating and cooling needs of a large hospital and housing development in Sweden and 
Norway respectively. 

The heat pumps, used in ground-source heat extraction (or dissipation) applications, is 
increasingly being considered for applicability. Perhaps because of the newness of the 
technology – or the lack of IHP knowledge among engineering firms and target industries 
or the small numbers of available demonstration projects – the wider use of IHPs is only 
beginning. Yet, using an IHP system is a valuable method of improving the energy 
efficiency of industrial processes, which contributes to reducing primary energy 
consumption. Some very interesting and remarkably efficient systems have been devised 
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in countries as diverse as Canada, Sweden and Japan for a range of industrial 
applications. 

Geothermal heat pumps (sometimes referred to as GeoExchange, earth-coupled, ground-
source, or water-source heat pumps) have been in use since the late 1940s. Geothermal 
heat pumps (GHPs) use the constant temperature of the earth as the exchange medium 
instead of the outside air temperature. This allows the system to reach fairly high 
efficiencies (300% - 600%) on the coldest of winter nights, compared to 175% - 250% for 
air-source heat pumps on cool days. 

While many parts of the country experience seasonal temperature extremes - from 
scorching heat in the summer to sub-zero cold in the winter - a few meters below the 
earth's surface the ground remains at a relatively constant temperature. Depending on 
latitude, ground temperatures range from 7°C to 21°C. Like a cave, this ground 
temperature is warmer than the air above it during the winter and cooler than the air in the 
summer. The GHP takes advantage of this by exchanging heat with the earth through a 
ground heat exchanger.  

As with any heat pump, geothermal and water-source heat pumps are able to heat, cool, 
and, if so equipped, supply the house with hot water. Some models of geothermal systems 
are available with two-speed compressors and variable fans for more comfort and energy 
savings. Relative to air-source heat pumps, they are quieter, last longer, need little 
maintenance, and do not depend on the temperature of the outside air. 

A dual-source heat pump combines an air-source heat pump with a geothermal heat pump. 
These appliances combine the best of both systems. Dual-source heat pumps have higher 
efficiency ratings than air-source units, but are not as efficient as geothermal units. The 
main advantage of dual-source systems is that they cost much less to install than a single 
geothermal unit, and work almost as well. 

Even though the installation price of a geothermal system can be several times that of an 
air-source system of the same heating and cooling capacity, the additional costs are 
returned to you in energy savings in 5–10 years. System life is estimated at 25 years for 
the inside components and 50+ years for the ground loop. There are approximately 50,000 
geothermal heat pumps installed in the United States each year. 

There are four basic types of ground loop systems. Three of these - horizontal, vertical, 
and pond/lake - are closed-loop systems. The fourth type of system is the open-loop 
option. Which one of these is best depends on the climate, soil conditions, available land, 
and local installation costs at the site. All of these approaches can be used for residential 
and commercial building applications. 
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Closed-Loop Systems - Horizontal and Vertical (Figure 46).  
The horizontal type of installation is generally most cost-effective for residential 
installations, particularly for new construction where sufficient land is available. It requires 
trenches at least 1.2 m. The most common layouts either use two pipes, one buried at 2 m, 
and the other at 1.2 meters, or two pipes placed side-by-side at 1.5 m in the ground in a 60 
cm wide trench. 

Large commercial buildings and schools often use vertical systems because the land area 
required for horizontal loops would be prohibitive. Vertical loops are also used where the 
soil is too shallow for trenching, and they minimize the disturbance to existing landscaping. 
For a vertical system, holes (approximately about 10 cm in diameter) are drilled about 6 m 
apart and 30 120 m deep. Into these holes go two pipes that are connected at the bottom 
with a U-bend to form a loop. The vertical loops are connected with horizontal pipe (i.e., 
manifold), placed in trenches, and connected to the heat pump in the building. 

 
Figure 46. Horizontal and Vertical closed loop system. 

Pond/Lake. If the site has an adequate water body, this may be the lowest cost option. A 
supply line pipe is run underground from the building to the water and coiled into circles at 
least eight feet under the surface to prevent freezing. The coils should only be placed in a 
water source that meets minimum volume, depth, and quality criteria. 
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Figure 47. Geothermal Heat Pump for Lake, Pond and River. 

Open-Loop System. This type of system uses well or surface body water as the heat 
exchange fluid that circulates directly through the GHP system. Once it has circulated 
through the system, the water returns to the ground through the well, a recharge well, or 
surface discharge. This option is obviously practical only where there is an adequate 
supply of relatively clean water, and all local codes and regulations regarding groundwater 
discharge are met. 

 
Figure 48. Geothermal heat pump open loop well system. 

Hybrid Systems. Hybrid systems using several different geothermal resources, or a 
combination of a geothermal resource with outdoor air (i.e., a cooling tower), are another 
technology option. Hybrid approaches are particularly effective where cooling needs are 
significantly larger than heating needs. Where local geology permits, the "standing column 
well" is another option. In this variation of an open-loop system, one or more deep vertical 
wells is drilled. Water is drawn from the bottom of a standing column and returned to the 
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top. During periods of peak heating and cooling, the system can bleed a portion of the 
return water rather than reinjecting it all, causing water inflow to the column from the 
surrounding aquifer. The bleed cycle cools the column during heat rejection, heats it during 
heat extraction, and reduces the required bore depth. 

 
Figure 49. Hybrid systems, along with solar thermal. 

16.4. Waste heat from process streams 

Waste heat, in the most general sense, is the energy associated with the waste streams of 
air, exhaust gases, and/or liquids that leave the boundaries of a plant or building and enter 
the environment. It is implicit that these streams eventually mix with the atmospheric air or 
the groundwater and that the energy, in these streams, becomes unavailable as useful 
energy. The absorption of waste energy by the environment is often termed thermal 
pollution. 

In a more restricted definition, waste heat is that energy which is rejected from a process at 
a temperature high enough above the ambient temperature to permit the economic 
recovery of some fraction of that energy for useful purposes. 

Waste heat is rejected heat released from a process at a temperature that is higher than 
the temperature of the plant air. As it is often available at a temperature that is lower than 
the intended level, its temperature must be raised, or “upgraded,” through the use of 
suitable equipment.  A fresh look at this kind of opportunity in a plant may lead to surprising 
savings. For example, a chemical manufacturer was able to modify its processes and 
recover a portion of heat from process cooling water normally sewered and use it in 
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preheating make-up air in a number of buildings. The simple payback period was less than 
four years. Returning the recovered heat to the process from which it came should be the 
first priority because such systems usually require less control and are less expensive to 
install. 

16.4.1. Benefits 
The principal reason for attempting to recover waste heat is economic. All waste heat that 
is successfully recovered directly substitutes for purchased energy and therefore reduces 
the consumption of and the cost of that energy.  

A second potential benefit is realized when waste-heat substitution results in smaller 
capacity requirements for energy conversion equipment. Thus the use of waste-heat 
recovery can reduce capital costs in new installations. A good example is when waste heat 
is recovered from ventilation exhaust air to preheat the outside air entering a building. The 
waste-heat recovery reduces the requirement for space-heating energy. This permits a 
reduction in the capacity of the furnaces or boilers used for heating the plant. The initial 
cost of the heating equipment will be less and the overhead costs will be reduced. Savings 
in capital expenditures for the primary conversion devices can be great enough to 
completely offset the cost of the heat-recovery system. Reduction in capital costs cannot 
be realized in retrofit installations unless the associated primary energy conversion device 
has reached the end of their useful lives and are due for replacement. 

A third benefit may accrue in a very special case. As an example, when an incinerator is 
installed to decompose solid, liquid, gaseous or vaporous pollutants, the cost of operation 
may be significantly reduced through waste-heat recovery from the incinerator exhaust 
gases. 

Finally, in every case of waste-heat recovery, a gratuitous benefit is derived: that of 
reducing thermal pollution of the environment by an amount exactly equal to the energy 
recovered, at no direct cost to the recoverer. 

16.4.2. Enhancing Waste Heat with Heat Pumps 
Heat pumps offer only limited opportunities for waste-heat recovery simply because the 
cost of owning and operating the heat pump may exceed the value of the waste heat 
recovered. 

A heat pump is a device that operates cyclically so that energy absorbed at low 
temperature is transformed through the application of external work to energy at a higher-
temperature which can be absorbed by an existing load.  
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The commercial mechanical refrigeration plant can be utilized as a heat pump with small 
modifications. The coefficient of performance (COP) of the heat pump cycle is the simple 
ratio of heat delivered to work required.  

Since the work requirement must be met by a prime mover that is either an electric motor 
or a liquidfueled engine, the COP must be considerably greater than 3.0 in order to be an 
economically attractive energy source. That is true because the efficiency of the prime 
movers used to drive the heat pump, or to generate the electrical energy for the motor 
drive, have efficiencies  less than 33%. The maximum theoretical COP for an ideal heat 
pump is given by 

)T/T - (1

1
  COP
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HP   

where: TL = temperature of energy source; TH = temperature of energy load. 

The ideal cycle, however, uses an ideal turbine as a vapor expander instead of the usual 
throttle valve in the expansion line of the mechanical refrigeration plant. 

Several factors prevent the actual heat pump from approaching the ideal: 
 The compressor efficiency is not 100%, but is rather in the range 65 to 85%. 
 A turbine expander is too expensive to use in any but the largest units. Thus the 

irreversible throttling process is used instead of an ideal expansion through a 
turbine. All of the potential turbine work is lost to the cycle.  

 Losses occur from fluid friction in lines, compressors, and valving. 
 Higher condenser temperatures and lower evaporator temperatures than the 

theoretical are required to achieve practical heat flow rates from the source and 
into the load. 

16.4.3. Open Waste-Heat Exchangers 
An open heat exchanger is one where two fluid streams are mixed to form a third exit 
stream whose energy level (and temperature) is intermediate between the two entering 
streams.  

This arrangement has the advantage of extreme simplicity and low fabrication costs with 
no complex internal parts. The disadvantages are that (1) all flow streams must be at the 
same pressure, and (2) the contamination of the exit fluids by either of the entrance flows 
is possible.  

Several effective applications of open waste-heat exchangers are listed below: 
 The exhaust steam from a turbine-driven feedwater pump in a boiler plant is 

used to preheat the feedwater in a deaerating feedwater heater. 
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 The makeup air for an occupied space is tempered by mixing it with the hot 
exhaust products from the stack of a gas-fired furnace in a plenum before 
discharge into the space. This recovery method may be prohibited by codes 
because of the danger of toxic carbon monoxide; a monitor should be used to 
test the plenum gases. 

 The continuous blowdown stream from a boiler plant is used to heat the hot 
wash and rinse water in a commercial laundry. A steam-heated storage heater 
serves as the open heater. 

16.4.4. Serial Use of Process Air and Water 
In some applications, waste streams of process air and water can be directly used for 
heating without prior mixing with other streams. Some practical applications include: 

 Condenser cooling water from batch coolers used directly as wash water in a food-
processing plant; 

 steam condensate from wash water heaters added directly to wash water in the 
bottling section of a brewery; 

 air from the cooling section of a tunnel kiln used as the heating medium in the drying 
rooms of a refractory; 

 condensate from steam-heated chemical baths returned directly to the baths; and 
 the exhaust gases from a waste-heat boiler used as the heating medium in a lumber 

kiln. 

In all cases, the possibility of contamination from a mixed or a twice-used heat-transport 
medium must be considered. 

16.4.5. Closed Heat Exchangers 
As opposed to the open heat exchanger, the closed heat exchanger separates the stream 
containing the heating fluid from the stream containing the heated fluid, but allows the flow 
of heat across the separating boundaries. The reasons for separating the streams may be: 

 A pressure difference may exist between the two streams of fluid. The rigid 
boundaries of the heat exchanger are designed to withstand the pressure 
differences. 

 One stream could contaminate the other if allowed to mix. The impermeable, 
separating boundaries of the heat exchanger prevents mixing. 

 To permit the use of an intermediate fluid better suited than either of the principal 
exchange media for transporting waste heat through long distances. 

While the intermediate fluid is often steam, glycol and water mixtures and other substances 
can be used to take of their special properties. Closed heat exchangers fall into the general 
classification of industrial heat exchangers, however they have many pseudonyms related 
to their specific form or to their specific application. They can be called recuperators, 
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regenerators, waste-heat boilers, condensers, tube-and-shell heat exchangers, plate-type 
heat exchangers, feedwater heaters, economizers, and so on. Whatever name is given all 
perform one basic function: the transfer of heat across rigid and impermeable boundaries. 

16.4.6. Runaround Systems 
Whenever it is necessary to ensure isolation of heating and heated systems, or when it 
becomes advantageous to use an intermediate transfer medium because of the long 
distances between the two systems, a runaround heat recovery system is used. The 
circulating medium is a water-glycol mixture selected for its low freezing point. In winter the 
exhaust air gives up some energy to the glycol in a heat exchanger located in the exhaust 
air duct. 

The glycol is circulated by way of a small pump to a second heat exchanger located in the 
inlet air duct. The outside air is preheated with recovered waste-heat that substitutes for 
heat that would otherwise be added in the main heating coils of the building’s air handler. 
During the cooling season the heat exchanger in the exhaust duct heats the exhaust air, 
and the one in the inlet duct precools the outdoor air prior to its passing through the cooling 
coils of the air handler. The principal reason for using a runaround system in this 
application is the long separation distance between the inlet air and the exhaust air ducts. 
Had these been close together, one air-to-air heat exchanger (with appropriate ducting) 
could have been more economical. 

16.4.7. Reduction of energy costs 
Waste heat (or surplus heat) recovery is the process of recovering and re-using rejected 
heat to replace purchased energy. Heat recovery opportunities arise in the process and 
environmental systems of almost every facility. Recovery and re-use of waste heat can 
reduce energy costs and improve the profitability of any operation.  

Usable energy may be available from: 
 hot flue gases; 
 hot or cold water drained to a sewer; 
 exhaust air; 
 hot or cold product or waste product; 
 cooling water or hydraulic oil; 
 ground-source thermal energy; 
 heat collected from solar panels; 
 superheat and condenser heat rejected from refrigeration equipment; and 
 other sources. 

In contemplating waste heat recovery, take into account the following considerations [8]: 
 Compare the supply and demand for heat. 
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 Determine how easily the waste heat source can be accessed. 
 Assess the distance between the source and demand. 
 Evaluate the form, quality and condition of the waste heat source. 
 Determine whether there are any product quality implications of the waste heat 

recovery project. 
 Determine the temperature gradient and the degree of heat upgrade required. 
 Determine any regulatory limitations regarding the potential for product 

contamination, health and safety. 
 Perform suitability and economic comparisons (using both the payback period 

and annuity method evaluations) on the short-listed heat recovery options. 

16.4. Waste water treatment plant (WWTP) 

Consider the following: 
 recovering latent heat from plant effluent and/or WWTP mixed liquor, especially 

where anaerobic systems exhibit higher temperatures; 
 using biogas from the anaerobic WWTP to supplement the factory’s energy needs; 
 reviewing dissolved oxygen levels in aerobic WWTP and the method or aeration 

(replace inefficient aeration equipment with a fine-bubble dispersal method. Could a 
waste oxygen stream be utilized if available?); and 

 installing an aeration optimization control system to reduce blower energy use costs. 

Also some other miscellaneous measures could be realised where applicable: 
 Installing a micro-filtration process may help in recovering rather than dumping large 

volumes of liquid (and the heat contained therein) for re-use. 
 Use waste heat from a CHP exhaust to heat greenhouses (could you establish them 

as your business sideline venture?) and use the exhaust CO to stimulate plant 
growth. 

 An increase in the number of steps (effects) in an evaporation process may improve 
energy efficiency economically. 

 The installation of compact immersion tubes to heat pasteurizers, bleachers, 
soakers, blanchers, bottle washers, etc. could replace inefficient indirect heating. 

 Consider replacing a pneumatic conveying system with a mechanical conveyor. 
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17. Appendix: Methods for calculating CO2 emissions 

17.1. Methodology for CO2 emission calculation  
The proposed methodology is based on the Methodology for calculating the liability method 
of emissions of harmful substances (pollutants) into the air of the Ministry of Environment 
and Water of Bulgaria. 

17.1.1. Emission factors. Methodology and values 
The CO2 emission factors from combustion processes are given in Tables 1A, 1B, 1C, 1D 
and 1E. They are in g/GJ. To evaluate the emission of a pollutant the heat production 
should be calculated, i.e. the amount of heat from the combustion of the fuel in GJ. The 
multiplication of the emission factor by the heat production value gives the emission. That 
is why t is necessary in the output data to be present the amount of fuel burned and its 
lower calorific value (GJ/t).  

The CO2 emission factors are presented in Tables 1A, 1B, 1C, 1D и 1E for each fuel type 
as follows: 
 black (anthracite) coal 
 lignite (brown) coal 
 fuel oil  
 gas for industrial and domestic use (oil) 
 natural gas. 

Sr — percentage of sulfur for the respective fuel (on bench) 
Сr — percentage of carbon for the respective fuel (on bench) 
Qr

i — lower calorific value for the respective fuel (GJ/t) 

BLACK (ANTHRACITE) COAL 
Table 1A. CO2 emission factors 

Substance ЕF in g/GJ 
Carbon dioxide (CO2) 3.52 . 104 . Cr/Qr

i 

LIGNITE (BROWN) COAL 
Table 1B. CO2 emission factors 

Substance ЕF in g/GJ 
Carbon dioxide (CO2) 3.52 . 104 . Cr/Qr

i 

FUEL OIL 
Table 1C. CO2 emission factors 

Substance ЕF in g/GJ 
Carbon dioxide (CO2) 3.63 . 104 . Cr/Qr

i 
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GAS FOR INDUSTRIAL AND DOMESTIC USE (OIL) 
Table 1D. CO2 emission factors 

Substance ЕF in g/GJ 
Carbon dioxide (CO2) 70,180 

 
 

NATURAL GAS 
Table 1E. CO2 emission factors 

Substance ЕF in g/GJ 
Carbon dioxide (CO2) 55,800 

EXAMPLES: 

 Example 1 
A thermal power station burns annually 60,000 t brown coal with sulfur content— 1.7%, 
carbon content — 29.6% and lower calorific value 11.3 GJ/t. To determine the annual 
emissions of carbon dioxide (CO2). 

The heat production of the power station is: 60,000 t x 11.3 GJ/t = 678,000 GJ  

The emission factors and the CO2 emissions are:  

The emission factor for CO2 is:  ЕFCO2= 3.52 x 104 . (29.6/11.3) = 92,205 g/GJ 
The CO2 emissions are:        678,000 GJ x 92,205 g/GJ.10—6 = 62,515 t  
  
 Example 2 
The boiler burns annually 25,000 t high-sulfur fuel oil type 20 with sulfur content - 3.0%, 
carbon content— 85.0% and lower calorific value 39.6 GJ/t. To determine the annual 
emissions of carbon dioxide (CO2). 

The heat production of the boiler is: 25,000 t x 39.6 GJ/t = 990,000 GJ 

The emission factors and the CO2 emissions are:  

The emission factor for CO2 is: ЕFCO2= 3.63 . 104 . (85/39.6) = 77,917 g/GJ 
The CO2 emissions are:       990,000 GJ x 77,917 g/GJ.10—6 = 77,138 t  

Based on the average elementary composition and lower calorific value of the Bulgarian 
fuel and in accordance with the presented above methodology is given a table with their 
emission factors as for convenience the emission factors are presented in (kg CO2/kWh) in 
Table 1D. 



Programme “Energy Efficiency and Green Economy” (BEECIFF) 
Energy Efficiency and Energy Management Handbook 

 

 200

Table 1D. CO2 emission factors for different fuels 

 

CO2 emission factors from saved or generated electric energy 
The quantitative reduction of the carbon dioxide emissions was estimated through the use 
of the Electricity Emission Factor Review of MWH S.p.A. as of November 2009. The 
emission factor values for reduction of the CO2 emissions, as a result of the “generated 
electric energy savings” for the period 2008 - 2012, are presented in the document given in 
Appendix E- Objective of the assignment. 

MWH was retained to carry out a review of carbon emission factors and of primary 
energy factor electricity for different countries. The main purpose of the activity is to 
provide updated and reliable values for the elaboration of PDDs (Project Design 
Documents). 

Terminology: 

- EF (Emission Factor)grid,produced is used to calculate emissions for projects supplying 
additional electricity to the grid (tCO2/MWh); 

- EF (Emission Factor)grid,reduced is used for projects reducing electricity consumption from 
grid (tCO2/MWh); 

 
Examined sources:  
The review of the Emission Factors has been firstly based on the analysis of the 
approved Project Design Documents registered on the official website of UNFCCC. 
The documents found have provided reliable values of Emission Factors (grid, 
produced) for Armenia, Bulgaria, Hungary, Latvia, Lithuania, Mongolia and Ukraine. 

For the countries where registered project design documents are not available, an 
accurate research has been conducted on various official websites and documents. 

Energy Source Emission Factor Unit

Electricity (saved) 1.039 kg CO2/kWh

Electricity (generated for RE projects) 0.833 kg CO2/kWh

Light Fuel Oil 0.253 kg CO2/kWh

Heavy Fuel Oil 0.287 kg CO2/kWh

Natural Gas 0.201 kg CO2/kWh

LPG 0.231 kg CO2/kWh

Lignite coal 0.371 kg CO2/kWh

Black coal 0.321 kg CO2/kWh
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We retain that the most reliable of these sources is the “Operational Guidelines for 
PDDs of JI Projects, May 2004”, elaborated from the Ministry of Economic Affairs of 
the Netherlands in order to facilitate the development of project design documents. 
This publication has provided data for Belarus, Croatia, Estonia, Hungary, Latvia, 
Poland, Romania, Russia, Slovak Republic and Slovenia.  

For Ukraine the document “Standardized Emission Factors for the Ukrainian 
Electricity Grid, 2007” elaborated by the Global Carbon B.V. (made possible by 
funding of EBRD and the Netherlands’ Ministry of Economic Affairs) has been 
referred to. 

For the remaining countries, data has been gathered from the document “US Energy 
Information Administration, based on data from the following sources: International 
Energy Agency (IEA), Electricity Information Database 2007 and CO2 Emissions from 
Fuel Combustion Database 2006, http://www.iea.org, October 2007”.  

In order to calculate the emission factors for projects reducing electricity 
consumption from grid (EFgrid,reduced) the following definition has been applied:  

losses

EF
EF producedgrid

reducedgrid 


1
,

,  

The grid losses for each country have been calculated on the basis of the data 
quoted in the IEA Statistics updated to 2006. 

As the calculations of CO2 emissions for “generated electric energy savings” will relate to 
the period after 2012 and there are currently no published official figures, it is suggested 
that for the years after 2012 to adopt the same values for the emission factors as for 2012. 

EFgrid,produced = 0.833(tCO2/MWh) 
EFgrid,reduced = 1.039(tCO2/MWh) 

EXAMPLES: 

 Example 1 
As a result of introduced energy saving measure the production line achieves 500 MWh 
annual electricity savings. To determine the reduced annual emissions of carbon dioxide 
(CO2). 

The emission factors and the CO2 emissions are:  
The emission factor for CO2 is: EFgrid,reduced =1.039 (tCO2/MWh) 
The CO2 emissions are:       500 MWh . 1.039 (tCO2/MWh) = 519.5 t 
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17.2. Saving calculations 

Definitions: 

ESR Energy saving ratio: /  

AEC Annual energy consumption: The total actual energy consumption expressed in 
MWh in an average year of the system. 

AECI Initial annual energy consumption. 

AECF Final annual energy consumption: The amount of Annual Energy Consumption 
expected to be consumed once the Sub-project is completed, expressed in MWh. 

AES Annual energy saving: The amount of Annual Energy Consumption expected to be 
saved once the Sub-project is completed, expressed in MWh. In case there is a variation of 
the production capacity of the industry as a consequence of the implementation of the Sub-
project, the Annual Energy Savings will be calculated per Unit of Production: 

 

 

NI Initial production in units. 

NF Final production in units. 

I. The production capacity of the system is the same 
In case that the system performance is the same, the baseline of the consumed energy 
(AECI) is based on the collected information during the energy audit for the energy, 
consumed by the system. In case of missing meters, the baseline is calculated by the 
installed capacity of the system, the average working hours and the loading factor. 

Final annual energy consumption is calculated on the base of the main technical 
parameters of the new equipment, working hours and loading factor. 

Energy saving ration is calculated using the formulas for ESR given in definitions. 

Example 1: 

Toilet paper factory 
Measure – Replacement of two toilet paper machines with new one. 
AECI  219 MWh/yr 
NI  3,357 t/yr 
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AECF   123 MWh 
NF  3,357 t 

AES = 219 - 123 = 96 MWh/yr 
ESR = 96/219 = 0.438 = 44 % 

Other revenues: reduction of waste; reduction of second storage product; reduction of 
operational and maintenance costs; reduction of routes for material delivery. 

II. The production capacity of the system increases 
In case that the system performance increases after the introduction of the energy saving 
measure, the annual energy savings will be calculated per unit of production in kWh/unit. 

 

With this formula can be assessed the saved energy per unit and respectively the energy 
saving ratio (ESR) will be calculated per unit of production in %. 

 

In case it is necessary to calculate the energy savings in MWh/yr, a new baseline should 
be determined. The energy consumption can be compared only for the same production. 
As a baseline is accepted the multiplication- current energy consumption per unit multiplied 
by the expected output, i.e. how much energy would be consumed if the plant would 
produce NF units. The initial annual energy consumption in MWh/yr will be: 

′  

The annual energy savings in MWh/yr would be: 

 

The energy saving ratio (ESR) will be calculated using the same formula as per unit of 
production. 

Example 2: 

Bread producer 
ECO 1 Replacement of dough mixers. 
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AECI 104.4 MWh/yr 
NI 15,660 t/yr 
AECF  78.3 MWh 
NF 19,400 t 

	 	 	 	 .  kWh/t 

	 	 . 	 	 . 	 	 .  % 

′ . . 		 /  

. . 			 /  

.
. 		% 
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