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The integrated systems approach

The heat demand for buildings and industries typically accounts
for half of anation’s energy resources. In the devel opment of
energy policies, it istherefore crucial to examine the way such
heating needs are met.

In any society, there are many different heating needs, ranging,
for example, from the high-temperature needs of the steel
industry to the low-temperature requirements of buildings.
Traditionally, each heating need is treated separately. And with
today’s modern boilers and furnaces, each heating need can be
met with energy efficiencies close to 100%. Surprisingly,
such a performance can easily be bettered.

demand for
buildings and
industries typically
accounts for half ofa
nation’s energy resources.

This brochure argues that heat can be supplied much
more efficiently by adopting the integrated systems
approach. Following this approach, the energy
needs of awhole community are considered to be

In this Brochure

Page(s) 4 Policy option 1:
Separate supply of power and heat — a traditional
policy using conventional heating and power
generation equipment.
5 Thequality of energy concept — an introduction
to amodern-day approach to heat supply based on
thermodynamics and the concept of “exergy”.
6-7 Policy option 2:
A waste heat recovery policy — an energy-efficient
approach using thermal cascade, combined heat &
power and low-temperature heating.
8-9 Introducing the heat pump — aflexible option for
upgrading low-temperature heat.
Policy option 3:
A heat pumping policy — creating an energy system
where most heating needs are met using the renew-
able resources of waste and environmental heat.

10-11

6,89& 11 Showcases: Examples of applied heat pump
technology.

Front cover illustration based on a drawing by M.C. Escher

one large integrated energy system. Every heating
need islooked at as part of the larger system,
alongside other energy needs such as electric power
and cooling.

With careful design, the sub-systems used to meet
different energy needs can be coupled together so
that the heat rejected by one sub-system can be used
again by another. This reduces the need for primary
energy resources such as fuel or renewable energy.

A useful tool to help reach the best design is the

quality of energy concept. Following this

concept, it is not only possible to measure

the quantity of energy, but aso to define

its quality. For heat energy, quality
depends on temperature.

How to use 10 m”

1. The tradifional approach

Heat a house for 2 days



To minimize the consumption of energy resources,
unnecessary dropsin energy quality must be
avoided. For in the design of integrated energy
systems, it’s quality that counts.

Figure Llillustrates how the quality of energy
concept can improve upon the traditional approach
of separate supply of heat and power. There are two
important methods. Thefirst isto apply energy
cascading (central figure), whereby waste heat is
used to meet a heating need at alower temperature.
Here, waste heat from heating steel is used to
generate power, and the heat from power generation
istransported for use in houses. The second method
isto use energy upgrading (right-hand figure). Here,
agas-driven heat pump is used to upgrade environ-
mental heat to a higher temperature.

As shown, both energy cascading and energy
upgrading deliver much more energy than with the
traditional approach. Combining these two ap-
proaches in an integrated system can bring still
greater energy savings.

To illustrate the integrated systems approach, this
brochure considers the situation where energy

of gas

It's quality that counts

managers must plan for the energy needs of build-
ings and industry in the development of a new
imaginary community. To simplify the discussion,
we first assume that the only readily available
energy resource is natural gas. The implications for
energy systems with other energy resources are also
explained (see purple boxes).

The first step for our energy managersisto limit
heat demand through measures such as using
advanced thermal insulation and by making optimal
use of passive solar heating in buildings. Step two is
to consider the options for heat and power supply.

The following pages describe how the traditional
policy option of separate supply of power and heat
(policy option 1) isfound to be wasteful of gas
resources. Following the quality of energy concept
(explained further on page 5) the energy managers
then examine how waste heat recovery (policy
option 2) can reduce gas consumption. Finaly, they
look at the affect of using heat pumps as well —
policy option 3. Compared with the traditional
option, a heat pumping policy, combining heat
recovery and heat pumps, is shown to offer gas
savings of 30% for thisimaginary community.

Cenerafe 36 kWh electricity

2. Energy cascading

10 'm?

(370 M)

Heat steel

(370 M)

(130 M)

Heat a house for half o day

(130 M)

3. Energy upgrading

Heat a house for 3 days

(550 M)

10 m3
(370 M)

Gas-driven
heat pump

Free environmental heat

(180 M)

Figure 1. By developing energy systems with energy cascading and energy upgrading, much better useis
made of energy resources than with the traditional approach.



Separate supply of power and heat

In line with the infrastructure of many industrial-
ized countries, the energy managers of our imaginary
community draw up aplan to to equip all buildings
and industrial plants with high efficiency gas boilers
connected to a gas network. Advanced combined-cycle
gas-fired power generators supply electricity at an overall
efficiency of 50%.

The energy flow of this system is depicted in Figure 2. Here, the
energy needs of buildings and industry are represented by
separate blocks. The third block represents power generation.
The total consumption of gasis set at 100 unitsto allow compari-
son with the other energy systems described further onin this
brochure.

On discussing this proposed system with thermodynamic experts,
the energy managers are surprised to learn that, despite the use of
the most advanced technology, their proposed energy systemis
relatively inefficient. Referring to a concept known as the quality
of energy, the experts say that the system fails to make good use
of the primary energy content of the gas. The facing page helps
to explain this further.
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Using other energy sources

Similar pictures to the one above could be drawn for systems
using other energy resources such as oil, coal, nuclear or renew-
able energy. Some renewable energy systems, such as those using
hydropower or wind energy, are all-electric, with all primary

energy converted into electricity. Heat at any temperature is
provided by electric heaters with very little losses in primary
energy. However, as illustrated further in this brochure, the quality
of energy concept shows that even these systems are wasteful of
valuable energy resources.

Direct combustion

to make
low-temperature heat
is never thé most
efficient use
of fuel.

In the proposed system, heat and
power needs are met by burning gas and
supplying heat at the temperature re-
quired for industrial processes, space
heating, power generation and other needs.
After use, this heat is rejected along with heat
from other sources such as cooling equipment,
machinery and computers.

According to the quality of energy concept, burning
gasin aboiler to make heat at 70°C for space
heating, for example, is awaste of a valuable energy
resource. In fact direct combustion to make low-
temperature heat is never the most efficient use of
fuel. A much better way is to build an integrated
energy system so that waste heat can be re-used in
applications at lower temperatures.

N Gas consumption
Power generation

12

otal consumption 100
Overall efficiency 80%

Figure 2: Traditional
energy system, based on
gas, with separate supply of
heat and power. The three
blocks represent the heating
requirements of industry and
buildings, and the generation of
power. The spheres represent energy at
different quality levels — yellow spheres
represent primary gas energy, while red
and blue spheres represent heat at different
temperatures. As shown, all energy dropsto
the ambient temperature level at the bottom.
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The quality of energy concept

Energy cannot be lost — it is always and completely saved. So states the first law of thermodynam-
ics. But common experience appears to contradict this:

If your washing machine uses one kWh of electricity, the first law may state that this kWh is not
“lost”, athough clearly it cannot be given back or used again to drive the vacuum cleaner. You will
have to pay for it. A closer look, however, shows that the first law has not been broken. The kWhiis
still there, but has been converted into heat energy. It marginally contributes to the heating of the
home, and is later released outdoors. There is an intuitive notion that something has been irrevers-
ibly lost. Although the kWh is still somewhere, it appears to have lost its value — its ability to “do
something”.

Thermodynamics confirms that the ability to “do something”, or, more precisely, the potential to be
converted into work, is the correct way to express the quality of energy. The second law of thermo-
dynamics states that work can be converted completely into heat (or other forms of energy), but that
heat can only partially be converted back into work. The fraction of a given amount of energy that
can be converted into work is called “exergy”. The remainder is “anergy”. The second law means
that, in any energy conversion, the amount of exergy is at best maintained, and is always reduced in
practice.

Electricity isaform of pure, 100%, exergy since it can be converted completely into work. Less
obviously, perhaps, is that the heating value of afuel isaso pure exergy. But according to the
second law, “heat” is of more limited thermodynamic value. Heat can be loosely defined as an
energy flow driven by atemperature difference. One senses that its value or quality will rise with the
temperature at which it flows. Indeed the exergy content of heat variesin tempera-

ture as shown by the curve and the formula on the | eft.

The formula shows that the exergy of heat depends not only on its own temperature,
but also on that of the environment — the ambient temperature. Heat can only “do

5000 something” when it flows at a temperature above ambient. The kWh released by
T your house has lost its value completely when it reaches the ambient temperature
outside.
1600 -
1088 The second law of thermodynamics has important consequences for the design of
1200 energy systems. It must be recognized that only the “value’ of energy has a price —
1000 - both economically and ecologically. Fuels provide pure exergy, and this exergy
800 - must be used to the utmost. Saving energy really means saving its quality.
jzg On the basis of this so-called “ quality of energy concept”, two important design
] principles for energy systems emerge —namely energy cascading and energy
2000 upgrading. Figure 1, on pages 2 and 3, illustrates these principles and how they can
0 ‘ ‘ ‘ ‘ be applied to reduce the consumption of primary energy.
20 40 60 80 100
L Energy cascading avoids unnecessary degradation of heat. High-quality heat is
T oot firstly used for high-quality purposes such as mechanical drive energy, electricity,
Bxergy = i or high-temperature heating. The waste heat from these processes is then used for a
-« lower-temperature process, and so on. The original exergy meets a number of
Uiz beanpgeietias of liesi by iy demands before it is finally reduced to ambient heat.
emironmen = femperature of environment in Kelvin
In the figure, T_ . =0°C (273 Kelvin)

Energy upgrading allows low-quality energy to be used to meet heat demand at a
higher temperature. It is accomplished by means of heat pumps. Unlike a conven-
tional heating system, a heat pump does not allow exergy to “degrade” into the required heat.
Instead, it uses exergy to upgrade low-quality energy to the temperature needed. For example, a
50°C heat flow of 10 kJ, contains only 1.5 kJ of exergy. Theoretically, to supply this heat, a heat
pump need only provide 1.5 kJ of exergy from fuel or electricity. The remaining 8.5 kJ of “anergy”
can be extracted from alow-temperature (say 0°C) heat source such as ground or air. While more
exergy is needed in practice, heat pumps can reach remarkably high energy efficiencies.

An optimized energy system —whether for single processes or buildings, or for districts or even
society as a whole — minimizes degradation through energy cascading, and complements this with
energy upgrading where necessary.



A waste heat recovery policy

Following advice from the thermodynamic experts, our energy Low-temperature heaﬁng

managers draw up an inventory of waste heat sources such as Thefirst isto lower the temperature of one of

heat from industrial effluents, power generators, cooling equip- society’s most significant heating needs, by using
ment, office equipment, ventilation air and sewage water. They low-temperature space heating systems in buildings.
also list society’s heating needs, such as for space Such systems use air circulation or

heating, hot water and industrial heating. A plan
is then made to meet these heating needs by

large surface-area piping in floors or
walls to supply heat at temperatures as

recovering as much heat as possible from the The low as 35°C, instead of the conven-
waste heat sources. way tional 65 to 85°C.

to unlock
Energy cascading o Combined heat and power
Such a process can be called energy cascading introduce The second concept is to use combined
and is already common practice in many indus- heat pump technology heat & power (CHP) technology (also
tries, where heat is used again and again for known as cogeneration). With CHP,
different processes at different temperatures. In this way, one the operation of the power generator is changed so

guantity of heat can be used several times, yet paid for only once!  that heat is rejected at a higher temperature than
with conventional technology. While thisresultsin a

Unfortunately, the impact of these measuresis limited. Most of slight drop in the amount of power generated, the

society’s waste heat streams are at too |low a temperature to be overall efficiency is higher. CHP can be applied on

used in buildings. In response, the thermodynamic experts different scales. Small-scale CHP equipment may

introduce two concepts that can help to overcome this difficulty.  serve asingle building or industrial plant. With
large-scale CHP, heat is transported via district
heating networks.
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Asillustrated in Figure 3, the application of awaste
heat recovery policy, incorporating the principles of
energy cascading, low-temperature heating and
CHP, sharply reduces the consumption of gasin our
imaginary community. With this policy, many
buildings are heated with waste heat that has been
recovered from industry and power generation. In
the figure, the piping network represents all heat
transfer in the community, including district heating
along with all other forms of heat transfer.

Even with these measures, there is insufficient waste
heat to meet all low-temperature heat demand,
especially that required by buildings. Also, the

Gas consumption
Industrial heat
demand
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Figure 3:
A gas-based energy
system incor porating
waste heat recovery
through energy cascading.

The pipes indicate how waste

heat from industry and power

generation can be recovered, and
transferred, such as via district heating
networks, for use at lower temperaturesin
buildings and industry.

distance between buildings and industry puts
practical constraints on the transfer of waste heat.
Asillustrated, gas energy must continue to be
supplied to buildings to meet heat demand using
conventional gas boilers. Referring once again to the
quality of energy concept, the energy expertsinform
our energy managers that many potential heat
sources continue to be wasted. All communities
have a wealth of low-temperature energy resources
including industrial and community waste heat, plus
natural heat in ground, air and water. And the way to
unlock these low-temperature energy resourcesis to
introduce heat pump technology.
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Using other energy sources
The principles of energy cascading and low-temperature heating
should be applied whatever combination of primary energy

resources is used, be they gas, coal, oil, renewables or nuclear
energy. However, the concept of combined heat and power is not
relevant to power sources such as wind, wave or hydropower. In
such systems, the impact of waste heat recovery is significantly less.




Introducing the heat pump

Operating in the same way as a domestic refrigera-
tor, a heat pump can remove heat energy at one
temperature, and release it at a higher temperature.
To do this, heat pumps must be driven by electricity,
gasor heat. In all cases, the amount of primary
energy (such as gas) required is much less than the
heat delivered, and is typically between 50 and 70%
of the energy requirements of a very efficient gas
boiler. Figure 4 illustrates how heat pumps save
energy.

Energy upgrading

Because of their unigue ability to upgrade low-
temperature heat, heat pumps can be considered as
the key to alow consumption energy policy. With
heat pumps, waste heat that is not hot enough to be
used again by energy cascading, can be upgraded to
the temperature needed. Heat pumps can thus make
use of large quantities of free heat energy such as
industrial effluent, sewage water, ventilation air or
heat from refrigeration equipment. And they can use
natural heat sources such as the ground, water or air
— renewabl e sources that offer a free supply of heat
that is continuously replenished by the sun or the
earth.

Campus buildings

N

Fuel 71

Renewable heat 37

Fuel 72

Renewable heat 67

Fuel 59

Renewable heat 47

Directly fired heat pump | o 8
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O

Heat 100

Loss 39
Electric heat pump

Power 24

loss 6
Electric heat pump

Power 24

Heat 29

Figure 4: How heat pumps save energy.

Heat pump

Nki ngthe nast of renevadl e energy

InNrvay, wered ectricityis framhyd gover,
dectricheasters canneet coniart needs wthanenergy
efidarydoetol0PsBE schasystenisred lya
vested apred ash grqe ity energyresarce

Heat punps &l | owt he renevabl e and cl ean hydr apover
aegytokepd tobetter use A theUiversityd
Brgen ahest pupsystemseshgrqaitydetric
pover toedract lowvge ity heat fronthesea

The systemvarks intvo steps. Acertra heat punp
o acks heet frontheseaandtrasportsit & an
inerned aetenperaturetobu | d ngs aroundthe
canus. Inthebu I d ngs, snall er heat punps, upy ade
thishest tothetenperature needed | nsumer, they
canbewsadfar coding adtheedractedhet is
recoveredfa hat vater heating Thi s systemuses
aroudone thirdthe anaunt of hydropover as vl d
be consuned i f resi stance (beseboerd) hesters

vere used




ﬁ»@jﬁ Industrial district

Heat transfer system

Incinerator

TheEco-Bergycity

InJapan, netiond progrannes are undervay to
cevel gpthetechd agy neededtocreatel arge-scd e
aergysystesinwichdl heat sarcesarefuly
uilized Theam stodevd pan“Eo-Bergy Gty’
wereveste heat, suchasfram nostry, sevage vet er
adenviromantd sources, istrasferredfar usein
resicatid addficehuldngs.

Techni ques are bel ng devel oped t 0 over cone tvo
ngj o dfficdtieswthsystesbesedantheqa ity of
energy cacet: thet vestehedt isdtengereraeda
logvay franwereit isneecedandthet it isavalad e
a thewaygtine Byuwsingchemcd transfer

nechani sns, t he Japanese progranmes wl | showhow
heat canbetransferred andstaredwth nn nal

| osses. Het punps canthen beusedtosupd y heeting
adoodingservicesa therequ redtenperaures, ad
a theridgt tine

@ Heat pump

Heat pumps can be used to meet heating needs at
temperatures up to 300°C. And they can rangein
size from very large-scal e equipment supplying hot
water and space heating via district heating net-
works, to small heat pumps meeting the needs of a
single room. And every heat pump type can how be
made without using ozone depleting substances such
as CFCs and HCFCs.

In addition to heating, heat pumps can meet cooling
or dehumidification needs as well. This often gives
heat pumps an economic advantage over traditional
equipment, and is the prime reason for their wide-
spread use for space conditioning in some countries
and regions.

There are a number of different heat pump types.
Most heat pumps in use today are electrically
driven. However, thermally-activated heat pumps —
gas-engine or absorption — can make egually good
use of primary energy resources such as gas, oil or
bio fuel. Absorption heat pumps can even be driven
by high-temperature waste heat.

Electric or thermal?

Used in combination with CHP power generation,
electric heat pumps generally exhibit a higher
energy efficiency than thermally-driven equipment.
Also, they can offer the economic advantage of
significantly reducing the need for a gas network or
for transporting fuel by lorry.

However, one disadvantage of using electric heat
pumpsisthat power capacity must be sized to meet
the highest peak in heating demand. In contrast, a
system with thermally-driven heat pumps can more
easily adapt to peak demand.

With electric heat pumps, measures such as thermal
storage and the use of sophisticated control systems,
can help reduce peak demand. Another way isto use
a back-up heating system using conventional
heating technology. Thermally-driven heat pumps
also have the advantage of being able to reach
higher temperatures than electric heat pumps by
utilizing the heat released from the engine or burner.
Thisis useful for water heating and for existing
buildings with high-temperature heating systems.



Figure 5: A gas-based
energy system incor porating

both waste heat recovery and heat

pumping. The heat pump block

represents all heat pump technology in the
community, whether installed in industry,
buildings or in district heating systems. Pipes
running to and from the heat pump block illustrate

how heat pumps extract waste heat from buildings and
industry and return it at a higher temperature. As depicted
inside the block, even more energy is extracted from the
environment. Wth heat pumps driven by heat, gas and extra
power, energy consumption is 70% of that with conventional
heating technol ogy.

A heat pumping policy

Following advice from energy experts, our energy
managers draw up plans for an energy system using
heat pumps, in addition to energy cascading, CHP
and low-temperature heating. Figure 5 illustrates
how the introduction of heat pumps reduces the gas
consumption of the imaginary society by a further
15% in comparison with the heat recovery policy
illustrated in Figure 3.

In this figure, heat pump technology is represented
by afourth block. This graphically illustrates how
heat pumps are used to upgrade low-quality heat
energy to supply heat to buildings and industry. As
illustrated, heat pumps are connected to waste heat
streams from buildings and industry, and are used to
upgrade other low-temperature energy sources such
as from the environment.
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The connections made to the top of the heat pump
block represent the three ways of driving a heat
pump — by heat, fuel (in this case gas) and electric-
ity. As shown, a heat pumping policy requires a
significant increase in gas consumption for power
generation. Indeed, people are often surprised to
learn that energy can be saved by building more
power plants.

As outlined on the previous page, €lectric- and
thermally-driven heat pumps have both benefits and
drawbacks, and a mixture of both heat pump typesis
often the best option. One strong argument in favour
of an all-electric heat pump system isthat it allows
measures to be taken in the future, to further reduce
emissions of environmentally damaging gases.

Heat demand
in buildings

% Gas consumption
Power generation

w
w
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otal consumption 70
Overall efficiency 114%

Using other energy sources

Heat pumps will have a similar impact on systems
based on other fuels such coal, oil or bio-fuel. For
systems based on nuclear energy, or renewable
energy sources such as hydro, wave or wind energy,

the impact of heat pumps will be even greater. In
these all-electric systems, the only alternative heating
system to the heat pump is the electric heating
element which uses three or four times as much
primary energy.




For example, coal-fired power genera-
tors can be converted to run on cleaner
gas; new technologies can be introduced
into fossil-fuel power stations to reduce or
eliminate harmful emissions, including carbon
dioxide; or fossil-fuel power stations can be
replaced by renewable technology such as wind,
wave or hydropower. With heat pumps, all these
options can be taken on the supply side, without
having to change the installed heating egquipment.

A better way to meet heat demand

With the system shown in Figure 5, some 60% of
our imaginary society’s heat demand is met by
recovering waste heat sources. Compared with the
“traditional” policy of separate supply of power and
heat, consumption of gas has been reduced by
around 30%. Most of the savings have been madein
meeting heat demand from buildings, for which
energy consumption has been reduced by around 70%.

The reader should note that the energy savings
achieved in any given energy system depend on a
great many factors. Industrial energy demands and
the availability of waste heat can vary widely, as can
the relative amount of power demand. Such varia-

People are often surprised
to learn that
energy can be saved
by building
more
power
plants:

tions will affect the significance of the
heat pump option.

For example, in acommunity where large
amounts of waste heat are produced by
industry and power generation, most, if not all
low-temperature heat demand could be met by
energy cascading. In contrast, acommunity based
only on hydropower, which results in negligible
amounts of waste heat, would need to employ heat
pumps on alarge scale to avoid wasting its primary
energy resource.

But in all situations, the principles outlined in this
brochure always apply:

Wherever possible, heat should be recovered
through energy cascading. And when heat demand
still exists, and suitable waste heat streams are
available, heat pumps should be used to upgrade
waste heat to meet demand.

Through systems integration and heat pumping, heat
demand is met by making optimum use of high-
quality energy resources. A better way to meet heat
demand.

All-electric villages
using heat pumps

Town with district heating
from CHP
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Industrial district served by
conventional gas heating, CHP and
heat pumps
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Bettq)y nature

Better by nature

This brochure has been produced by the
IEA Heat Pump Centre (HPC) as part of a
campaign to highlight the benefits of heat
pumps under the slogan "better by nature."
The HPC is an international information centre
operating for the International Energy Agency
under the IEA Heat Pump Programme.

International Energy Agency

The International Energy Agency (IEA) was
established in 1974 within the framework of
the Organisation for Economic Co-operation
and Development (OECD) to implement an
International Energy Programme. A basic aim
of the IEA is to foster co-operation among its
participating countries, to increase energy
security through energy conservation,
development of alternative energy sources,
new energy technology and research and
development.

IEA Heat Pump Programme

Set up by the IEA in 1978, the IEA Heat Pump
Programme carries out a strategy to accelerate
the development and use of heat pumps, in
all applications where they can reduce energy
consumption for the benefit of the
environment. Within the framework of the
programme, participants from different
countries collaborate in specific heat pump
projects known as Annexes.

IEA Heat Pump Centre

A central role within the programme is played
by the IEA Heat Pump Centre (HPC), itself an
Annex. The HPC contributes to the general
aim of the IEA Heat Pump Programme, through
information exchange and promotion. For
further information on HPC products and
activities, or for general enquiries on heat
pumps and the IEA Heat Pump Programme,
contact the address below.

The IEA Heat Pump Centre is operated by
Novem

Netherlands agency for energy and the environment

IEA Heat Pump Centre

Novem, P.O. Box 17

6130 AA Sittard, The Netherlands

Tel: +31-46-4202-236

Fax: +31-46-4510-389

E-mail: ninovhpc@ibmmail.com

Internet: http://www.heatpumpcentre.org
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