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� Potential of industrial waste heat for heating and cooling applications is studied.
� An economic analysis with maximum feasible investment cost as output.
� Different consumer types are defined: ‘‘Enthusiast’’, ‘‘Real estate’’ and ‘‘Industry’’.
� Absorption chillers are profitable when applied for at least 2500 h per year.
� Electric heat pumps are profitable for more than 4000 h/a, absorption heat pumps with 3000 h/a.
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In this paper, the potential of industrial waste heat for heating and cooling applications is investigated.
Therefore, heat transformation technologies are presented and their technical and economic potential
are discussed. First, different industrial processes and their operating temperatures are presented as pos-
sible waste heat sources as well as low temperature processes, which can be supplied with waste heat.
Then, a general economic analysis is performed for three different cases of waste heat use: an absorption
chiller producing cold and heat production with a compression and an absorption heat pump. The max-
imum acceptable investment cost for each technology is estimated and compared with the current
investment cost depending on the operating hours of the system. For this, three different consumer types,
Enthusiast, Real Estate and Industry, are defined to represent different expectations in interest rate, pay-
back period and the resulting annuity factor. Instead of judging if a technology is profitable or not, it is
calculated how much the system is allowed to cost in order to be competitive for certain operating hours.
Combined with present day cost of the technology, this serves as a rough judgment of the market deploy-
ment process. Finally, a sensitivity analysis of the initial assumptions for the economic analysis is per-
formed, revealing a strong influence of the annuity factor. For the present day technology cost,
absorption chillers were found to be profitable for two of the three consumer types when operated for
at least 2500 h per year. Electric heat pumps are profitable for all consumer types when exceeding
4000 operating hours per year while absorption heat pumps start at 3000 h of operation per year to be
profitable for all consumer types.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction economic analysis using the maximum acceptable investment cost
In this article, the potential of industrial waste heat recovery for
heating and cooling applications is investigated. For that, an
is used. This method differs from commonly economic feasibility
ones which use payback period or interest rate, both variable fig-
ures. This method analyses three different consumer types (in
order to represent different expectations in interest rate and pay-
back period, relatively constant figures) and it shows the economic
feasibility of the technology according the consumer type and the
technology operating hours, creating a more general approach. The
method was developed and first presented by the IEA task 42/24
for storages [1].
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Fig. 1. Types of potential, graph based on [3,4,6].

158 S. Brückner et al. / Applied Energy 151 (2015) 157–167
Before that, some definitions concerning waste heat recovery
and the available technologies to be used are presented.

1.1. Definition of waste heat

You cannot make an omelet without breaking eggs, and you
cannot perform work without waste heat: wherever goods are pro-
duced and machines are operated, waste heat is produced and
released either via radiation, cooling fluid, exhaust gas or air. But
even though these heat streams are considered waste, they often
contain large amounts of exergy and would be able to perform
work through one of the many waste heat usage technologies. In
this paper, waste heat is considered as all forms of heat (latent
as well as sensible) that are not the purpose of the system.
Therefore, for example, heat from combined heat and power plants
is not considered as waste heat. Sources for waste heat in indus-
tries can be furnaces, waste water from washing, drying or cooling
processes, but also refrigeration systems, motors or the exhaust air
from production halls [2]. Nonetheless, in the present paper, only
waste heat that is released in a heat carrier medium like exhaust
gas, cooling fluids or steam is considered.

1.2. Definition of waste heat potential

When considering different technologies to use the industrial
waste heat potential it is necessary to first distinguish, which
potential type is considered [3]: the theoretical or physical poten-
tial [4], the technical potential or the economic feasible potential
[5] (Fig. 1). The theoretical potential only considers physical con-
straints: the heat has to be above ambient temperature, bound in
a medium, etc. Thus, heat that is released diffusive, for example
by radiation, is usually not assessed. In addition, whether or not
it is possible to extract that heat from the carrier fluid or whether
there is any way of using it, is not considered. These constraints
define the technical potential. The technical potential also depends
on the technologies considered. Technical constraints are for
example the required minimum temperature. Whether or not it
is profitable to use the technology is only considered in the eco-
nomic potential or sometimes called feasible potential.

As mentioned above, the theoretical potential only considers
physical boundary conditions like an above ambient temperature
level of the exhaust gas or air. To analyze the potential of a waste
heat application technology the waste heat potential of larger
regions is of interest. In [3] different methods to estimate the waste
heat potential are presented. In [7] waste heat estimations for dif-
ferent regions are evaluated. For the theoretical potential the
results range from 50.4 PJ/y for the Basque Country (Spain) [8]
and 51 PJ/y for North Rhine Westphalia (Germany) [9], and
1933.2 PJ/y for the United States of America [10].

The technical potential to use waste heat is defined by two
major constrains: in addition to the boundary conditions of the
technology itself, a heating or cooling demand is necessary.
Therefore, before explaining the technological constraints of the
heat transformation technologies, the theoretic size of industrial
heating and cooling demands are described as possible cases to
use industrial waste heat (Section 1.5).

1.3. Overview of waste heat recovery technologies

Technologies to use waste heat from industry can be catego-
rized as passive or active technologies. This depends on whether
the heat is being used directly at the same or at lower temperature
level or whether it is transformed to another form of energy or to a
higher temperature (Fig. 2). Heat exchangers and thermal energy
storages are the two dominant passive technologies. These tech-
nologies can be used for recycling or reusing waste heat within
an industry to heat or preheat other processes. Sorption systems,
mechanically driven heat pumps and organic Rankine cycles
(ORC) are active technologies.

Active applications of waste heat are categorized into three
types: to provide heat (WHTH), cold (WHTC) or electricity
(WHTP). Among the active technologies, WHTH and WHTC are
considered heat transformation technologies as they modify the
inlet temperature upgrading or downgrading it (marked with an
asterisk in Fig. 2). For these technologies an economic analysis is
presented later on.

1.4. Industrial waste heat sources

Industries consume a large portion of the total energy demand:
in Europe, for example, the energy consumption from industries
constituted about 62% of the total energy consumption in 2011
[6]. The largest amounts of waste heat in industries are usually
found in food and tobacco and pulp and paper, basic metals, chem-
ical industry, and non-metallic minerals.

To take advantage of this industrial waste heat potential there
are different technologies available. Some processes with lower
temperature may not be a useful source of industrial waste heat
directly, but the heat can be upgraded. Temperature is one of the
most important criteria when considering if the process would
either produce valuable waste heat or could use waste heat as an
energy source. Typically, high temperature waste heat has more
potential to be reused. Fig. 3 shows the distribution of high
(HT > 400 �C), medium (MT 100–400 �C) and low temperature
(LT < 100 �C) applications in different sectors in Germany for
2005 [11]. High temperature waste heat holds a large share of
the processes in the metal production and mineral processing sec-
tors. On the other hand, the food and tobacco industry has only
negligible amounts of high temperature heat demand.

A more detailed picture of possible waste heat sources is given
in Table 1. Here exhaust gas temperatures of different processes
from 30 to over 1600 �C are given. Those are not to be mistaken
for process temperatures, which will be even higher.

1.5. Theoretic demand

1.5.1. Process heat demand
Europe industry heat consumption accounted for 4433 PJ in

2009 [15]. Among this heat, process heat can be a source of waste
heat as well as a possible consumer, when waste heat from other
processes is used to replace other fuels. Blesl et al. [6] suggest dis-
tinguishing supply and demand processes by a dividing



Fig. 2. Categorization of waste heat recovery technologies.

Fig. 3. Process heat demand by temperature (high (HT), medium (MT) and low (LT)) of different sectors, figure based on data from [11].
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temperature of 200 �C. Processes with an input temperature above
200 �C are to be considered as possible waste heat sources since
their exhaust gas temperature is likely to be at a usable level.
Processes with input temperatures below 200 �C, according to their
assumption, will only produce waste heat at ambient temperature
or little above. In Table 1, industrial processes and their exhaust
gas temperature are shown as possible sources. In Table 2 on the
other hand, low temperature processes of the different sectors
and their process temperature are given. Those processes could
be supplied with waste heat from other processes and therefore
function as a heat sink. Note that the presented temperatures are
input temperatures.

1.5.2. Cooling demand
According to Oro et al. [19] the cooling demand in Europe is

�2207 PJ/y, and 78% is generated by industrial cooling applications
(�1721 PJ/a). The Deutscher Kälte- und Klimatechnischer Verein
(DKV) (German Society of Refrigeration and Air Conditioning)
[20] evaluated the cooling demand in Germany for 1999:
�277 PJ/y. The majority of the cold, 86%, was generated by electric
power. Related to the total final energy consumption of Germany,
cooling applications consumed 14%, which corresponds to 5.8% of
the primary energy demand. From the industrial cooling demand,
the highest demand is in the food and beverage sector [20].
According to DKV the development cores in the upcoming years
should be in the food and beverages, vehicle climatization, domes-
tic cooling and chemical sector.

1.6. Technical analysis: heat transformation technologies

In order to evaluate the technical potential, the technical con-
straints of using the waste heat for the considered technology have
to be considered. As mentioned above this paper focuses on heat
transformation technologies. The latter are presented in the fol-
lowing with their possibilities, working principles and constraints.

Heat transformation technologies can be divided into two main
types, mechanically and (closed cycle) thermally driven heat
pumps, here particularly absorption heat pumps. Both have the
same basic working principle, which is to transfer heat from a
low temperature heat source to a high temperature heat sink.



Table 1
Exhaust gas temperatures of different processes [12–14].

Process Exhaust gas
temperature (�C)

Iron- and steelmaking 1450–1550 [12]
Nickel refining furnace 1370–1650 [12]
Steel electric arc furnace 1370–1650 [12]
Glass melting furnace 1300–1540 [12]
Basic oxygen furnace 1200 [12]
Aluminum reverberatory furnace 1100–1200 [12]
Steel heating furnace 930–1040 [12]
Copper reverberatory furnace 900–1090 [12]
Glass oven without regenerator 900–1300 [13]
Iron cupola 820–980 [12]
Cooper refining furnace 760–820 [12]
Reheating furnace without regenerator 700–1200 [13]
Hydrogen plants 650–980 [12]
Fume incinerators 650–1430 [12]
Coke oven 650–1000 [12]
Glass oven with regenerator 600–800 [13]
Cement kiln 450–620 [12]
Heat treating furnace 430–650 [12]
Melting oven 400–700 [13]
Gas turbine exhaust 370–540 [12]
Reciprocating engine exhaust 320–590 [12]
Reheating furnace with regenerator 300–600 [13]
Blast furnace stoves 250–300 [14]
Drying and baking ovens 230–590 [12]
Steam boiler exhaust 230–480 [12]
Finishing soaking pit reheat furnace 200–600 [14]

300–400 [14]
Steam boiler 200–300 [13]
Coke oven 190 [14]
Stack gas
Container glass melting 160–200 [14]

140–160 [14]
Flat glass melting 160–200 [14]

140–160 [14]
Ceramic kiln 150–1000 [13]
Drying, baking, and curing ovens 90–230 [12]
Cooling water from annealing furnaces 70–230 [12]
Cooling water from internal combustion engines 70–120 [12]
Exhaust gases exiting recovery devices in gas-fired

boilers, ethylene furnaces, etc.
70–230 [12]

Conventional hot water boiler 60–230 [13]
Process steam condensate 50–90 [12]
Condensing hot water boiler 40–50 [13]
Hot processed liquids/solids 30–230 [12]
Cooling water from air conditioning and refrigeration

condensers
30–40 [12]

Cooling water from air compressors 30–50 [12]
Cooling water from furnace doors 30–50 [12]

Table 2
Process temperatures of low temperature processes [13,16,17,18].

Industry Process Working
temperature (�C)

Food and beverages Cleaning 60 [16]
Cooking 110–115 [16]
Pasteurizing 65 [16]

80–110 [13,18]
Whitening 85 [16]
Drying 30–90 [18]

30–120 [13]
50–90 [17]

Washing 40–85 [18]
40–80 [13]

Sterilizing 140–150 [18]
80–90 [17]

Boiling 95–105 [13,18]
Heat treatment 40–60 [13,18]
Drainage 38–104 [13]

Textile Dry heating 88 [16]
Ironing 100 [16]
Washing 40–80 [13,18]
Bleaching 60–100 [13,18]
Dyeing 100–160 [18]
Drying 75–250 [13]
Steaming 100–130 [17]

Chemical Boiling 95–105 [18]
Distilling 110–300 [18]

90–130 [17]
Various chemical processes 120–180 [18]

Paper industry Pulp drying 95–120 [13]
Paper drying 95–120 [13]

50–120 [17]

Non-metallic mineral
processes

Drying of rocks, bricks, sand and
other minerals

35–150 [13]

Wood Drying 70–90 [17]

Other Metal cleaning 60–90 [16]
Painting drying 80–120 [16]
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Depending on whether the ‘‘supplied cold’’ at the heat source or
the heat provided at the heat sink are considered as useful, the
machine is referred to as a refrigerator/chiller or a heat pump,
respectively.

Heat transfer between different temperature levels is based on
the variable boiling point of a certain refrigerant. Mechanically dri-
ven heat transformers utilize the dependency of boiling point on
pressure; thermally driven heat transformers additionally make
use of the boiling point elevation of the refrigerant caused by a
solute.

The main components of both cycles include an evaporator and
a condenser. The difference between mechanically and thermally
driven machines is how the gaseous refrigerant is moved from
the evaporator to the condenser.

1.6.1. Mechanical driven heat pump
Fig. 4 shows the simplified working principle of a common

mechanically driven heat pump (MDHP); depicted is the pressure
(p) versus the saturation temperature (T); Q0 is the low tempera-
ture (T0) heat that is lifted to a higher temperature level (T1) in
the heat pump and (additionally to the driving energy Wel)
released as Q1.

In addition to evaporator and condenser, a MDHP consists of a
mechanical compressor and an expansion valve. The refrigerant
evaporates at a low temperature and pressure, taking up the heat
from the low temperature heat source at the evaporator. The vapor
is polytrophic compressed by means of mechanic energy to a
higher pressure and therefore higher temperature. The compressor
is typically powered by electric energy. When the gaseous working
fluid condenses it releases heat to the heat sink at the condenser at
the higher temperature level.

The external temperature levels determine which working flu-
ids are appropriate for a certain application and which kind of
compressor should be used. Here critical temperatures and vapor
pressure curves of the refrigerant as well as pressure ratios of the
compressors have to be considered besides other thermo-physical
properties.

The maximum delivery temperature would be between 120 and
140 �C due to material constraints caused by temperature and
pressure. Common systems typically operate up to a maximum
of 80 �C. Due to the limited pressure ratio the lowest temperature
at the low temperate heat source can be about �35 �C for single-
stage machines operating with CO2 as refrigerant, but this is
strongly depending on condenser temperature. If the rejected heat
at the condenser can be released below 0 �C, heat at temperatures
of about �50 �C and below could be used at the evaporator.

The temperature lift (T1–T0) is limited by the compression ratio
(the ratio of the pressure before and after compression) of the com-
pressor and the temperature–pressure dependency of the chosen



Fig. 4. Simplified scheme of a mechanically driven heat pump (MDHP).
Fig. 5. Simplified scheme of a thermally driven heat pump (TDHP).
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working fluid [21]. Experimental set-ups demonstrate that the
maximum possible lift is about 90 K; typically these machines
are operating with a lift below 60 K.

The theoretical efficiency for a refrigerator can be calculated
using the Energy Efficiency Ratio (EERth) in Eq. (1) and for a heat
pump using the Coefficient of Performance (COPth) in Eq. (2):

EERth ¼
T0

T1 � T0
T in K ð1Þ
COPth ¼
T1

T1 � T0
¼ EERth þ 1 T in K ð2Þ

Due to losses, especially within the compressor, properly
designed plants can reach up to 0.7 times the theoretical efficiency;
this number is usually called efficiency factor. Common plants
show an efficiency factor of about 0.6 during nominal operation.
The real efficiency usually is referred to as electrical efficiency
COPel (Eq. (3)) or EERel (Eq. (4)), respectively, and is defined as:

COPel ¼
_Q1

Wel
ð3Þ
EERel ¼
_Q0

Wel
ð4Þ

Common mechanically driven heat pump systems show an
overall COPel up to 4 during nominal operation, while mechanically
driven refrigerators will reach an overall EERel of about 3.

With increasing temperature lift EER and COP decrease
strongly. Therefore the capacity of a given MDHP decreases with
increasing temperature lift, too. This is mainly caused by losses
increasing with the pressure ratio at the compressor.
1.6.2. Absorption heat pump
Absorption heat pumps (AHP) are driven by high temperature

heat instead of mechanical energy. Fig. 5 shows the simplified
working principle of a common single stage absorption heat pump
in a diagram analog to Fig. 4.

Evaporator and condenser operation is analogous to a MDHP,
however the compression of the gaseous refrigerant is done by a
solution cycle where the working fluid is absorbed into the solvent
at evaporator pressure (releasing the absorption heat Q12, usually
on a similar temperature level as the condenser) and desorbed at
condenser pressure (receiving desorption heat Q2 at high tempera-
ture). The rejected heat for an absorption heat pump is therefore
the sum of heat transferred at absorber and condenser (neglecting
losses, this is equal to the sum of transferred heat at evaporator
and generator, respectively). In addition to the temperature lift
for thermally driven heat pumps, (T2–T1), is designated as temper-
ature drive.

Due to the similar thermo-physical behavior of different
solute/sorbent systems [22], it is possible to estimate the internal
temperature of either evaporator (T0), generator (T2) or absorber
and condenser (T1) as long as the other two temperatures are
known. The empirical equation Eq. (5) gives an estimation of the
relationship among the internal temperature levels:

1:15� ðT1 � T0Þ� ðT2 � T1Þ ð5Þ

Using these internal temperatures a theoretical thermodynamic
efficiency, EERth (Eq. (6)) and COPth (Eq. (7)), can be derived from
the second law of thermodynamics analog to those for mechani-
cally driven heat pump systems:

EERth ¼
T0

ðT1 � T0Þ
� ðT2 � T1Þ

T2
T in K ð6Þ
COPth ¼
T1

T1 � T0
� ðT2 � T0Þ

T2
¼ EERth þ 1 T in K ð7Þ

Defining the real thermal efficiency as quotient of useful cold
and driving heat, common absorption chillers can reach about
0.7 for nominal operation. For heat pumps the quotient of useful
and driving heat will reach 1.7 for properly designed plants.
Discussing the electrical efficiency (especially to compare TDHP
with MDHP), it can be said that optimized systems can reach an
overall EERel for refrigeration (defined analogous to MDHP) of up
to 20 or, depending on the application, even higher. Nowadays well
designed absorption chiller systems show an EERel of about 12. As
the rejected heat of an absorption system is about 2.5 higher than
the low temperature heat input, and such systems do not need
coolers to release the rejected heat to the environment, the overall
COPel for properly designed absorption heat pump systems is about
40 and can reach values higher than 60.

If temperature levels of a certain application are considered
there will be driving temperature differences at each heat exchan-
ger which have additionally to be taken into account. These depend
on the heat transfer media of the external cycles and the degree of
capacity utilization of the plant. For external cycles with liquid
heat carriers these driving temperature levels usually are between
5 and 10 K at full load. To calculate the dependency of capacity on
the external temperatures there is a so called characteristic equa-
tion [23], which can be formulated with either the driving temper-
atures of each heat exchanger or solely using external temperature
levels. If the temperatures ti are the external mean temperatures at
each heat exchanger, it can be shown that the cooling (or heating)
output of an absorption chiller is directly proportional to a total
driving temperature difference (DDT) (Eq. (6)):
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DDT ¼ ðtG � tAÞ � RðtC � tEÞ ð8Þ

R is a correction factor which shows the influence of the different
slopes of the vapor pressure curves of pure refrigerant and solution.
Usually R amounts to about 1.1–1.2. This is valid for not too large
temperature differences [23].

At present, there are only two common working pairs, water/
aqueous lithium bromide solution (LiBr) and ammonia/water.
Absorption chillers with water/LiBr usually show a higher effi-
ciency. However, without certain additives to the refrigerant, these
plants are limited to low temperature heat sources above 6 �C to
avoid freezing.

There are also different kinds of two stage absorption heat
pumps available. Double-effect absorption chillers use higher driv-
ing temperatures to increase efficiency (up to a real EERth of about
1.25) while keeping the temperature of low temperature source
and reject heat constant. These systems are often used in conjunc-
tion with co-generation units in order to utilize high temperature
exhaust. Double-lift absorption heat pumps – which are less com-
mon – accept a reduction of efficiency to either reduce the needed
temperature of driving heat or increase the temperature lift.

Fig. 6 shows roughly the possible operational areas for different
absorption heat pump systems in common applications.

The areas given in Fig. 6 have to be shifted according to Eqs. (5)
and (8) for different loads or temperature levels. Shown in the fig-
ure are areas of operating temperatures for plants with a rejected
heat temperature level of 35 and 60 �C. Examples for the first case
with 35� rejected heat are cooling applications (thus absorption
chillers). To keep the chart clear only double effect systems with
water/aqueous lithium bromide and single effect systems with
ammonia/water are shown for the upper temperature level. As
depicted, increasing rejected heat temperature generates a shift
to the upper right of each area. Customized or gas driven plants
can exceed beyond the areas given in Fig. 6, examples are given
in [24].

1.6.3. Other sorption technologies
Besides (closed cycle) thermally driven heat pumps, there are

some other configurations of sorption systems to supply heat and
cold. This include open cycle vapor recompression systems,
absorption heat transformers, compression-absorption heat
pumps, and adsorption and desiccant systems [17,25–27]. These
Fig. 6. Possible temperatures for low temperature heat sources (Q0) vs. needed
technologies do not have large market shares [28–30] and are
not as well developed with the exception of closed cycle adsorp-
tion heat pumps.

From a thermodynamic point of view, closed cycle adsorption
systems work identically to absorption systems. These machines
are distinguished by the sorbent; while absorption heat pumps
use liquid sorbents, adsorption heat pumps use solid sorbents.
Common pairs for adsorption systems are water/silica gel and
water/zeolite. In real application, the efficiency usually is lower
than that of absorption systems, showing a thermal efficiency
based on refrigeration capacity of about 0.5–0.6.

1.6.4. Comparison of systems
It can be said that heat pumps in general offer potential to pro-

vide heat and cold in an efficient way. Compared to mechanically
driven heat pumps, it is further possible to reduce electrical energy
input – especially with absorption heat pumps – as these machines
can utilize waste heat as driving energy. As MDHP are already an
established technology and the specific investment costs of AHP
are usually higher, up to date, the MDHP have a much higher mar-
ket share.

Table 3 shows a brief comparison of mechanically driven heat
pumps and absorption heat pumps; in each case only single stage
plants are considered.

While comparing these technologies one has to keep in mind,
that in order to use absorption heat pumps for waste heat applica-
tions an industrial waste heat source at a high temperature level is
necessary to drive the machine. Furthermore, a low temperature
heat source that is upgraded to a higher (though not as hot as
the first source) temperature to meet a given heat demand. If no
high temperature heat source is given, the demand could be met
by using a low temperature heat source and a mechanically driven
heat pump.
2. Economic analysis

2.1. Applied method

Above different technologies to deploy waste heat sources are
presented with their technical limitations and application rates.
However, a technically feasible solution is not enough. To actually
driving heat (Q2) temperature level for different absorption heat pumps.



Table 3
Comparison of MDHP and absorption heat pumps.

MDHP Absorption heat pumps and chillers

Market share High established technology Low compared to MDHP
Driving energy Mechanical energy (usually electrical energy) Thermal energy, different temperature levels possible
Efficiency

(electrical)
Relatively high, decreases strongly with increasing
temperature lift

Very high if system is well designed, low dependence on temperature lift and
drive

Efficiency
(thermal)

– Nearly constant for a large range of temperature lift

Volume Compact machines Comparatively large volumes needed
Controls Requirements well known Complex compared to MDHP

Fig. 7. Annuity factor for the three consumer types.

Table 4
Consumer types considered.

Industry Real estate Enthusiast

Interest rate, i (%) 10 5 1
Payback period, t (a) 5 15 25
Annuity factor (%) 26 9 4.5
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be applied a technology has to be economically competitive and
attractive. But when is a technology economically attractive and
to whom? To answer this question for storage systems the experts
working at the IEA Task 42/24 [1] developed a new approach, the
maximum acceptable cost.

Commonly economic feasibility is evaluated by the payback
period or interest rate. Both figures are used by companies for
investment decisions. They depend on investment cost, operating
cost and operating hours. Unfortunately all of these figures are
variable: investment cost decreases by technical learning, operat-
ing cost depend on energy market prices and operating hours
depend on each individual application case. Therefore, the evalua-
tion method is inversed in the maximum acceptable cost method
presented in this article: since the expectations on interest rate
and payback period are relatively constant, three cases (named
consumer types) are defined and taken as input parameters.
Thus, a function for economic feasible investment cost can be
defined depending on operating hours, creating a more general
approach. Moreover, the main advantage of this approach is that
it does not require detailed information about the technology or
its implementation. The analysis neglects operating costs and
changes in the cost of energy production over the time period.
Nevertheless, it illustrates the most important feature in energy
economics, the relationship between acceptable storage costs, the
frequency of use, and the cost of energy.

The different consumer types with different desired interest
rates and desired payback periods are defined:

1. Industry
For an application in the industrial sector, a technology has to
have a high interest rate and a low payback period. It is there-
fore the most ambitious application. Here, an interest rate of
10% and a payback period of 5 years were assumed.

2. Real estate
When a technology is applied in a commercial building it also
has to satisfy certain economic criteria, but they differ from
the industrial case: the payback periods may usually be longer
but it should still have a fair interest rate. Thus, an interest rate
of 5% and a payback period of 15 years were assumed. This is
also the typical lifespan of conventional technical building
equipment like boilers.

3. Enthusiast
As an optimistic case, the enthusiast consumer type was
defined: it represents the application mostly in the private sec-
tor by early adopters, who want to get the new technology and
are content if it does not cause additional cost. The assumed
interest rate is 1% and the payback period is equal to the life
span of most technologies of 25 years.

These parameters are important to translate future costs and
savings to present values. This is done over an annuity factor (Eq.
(9)) [31]:
AF ¼ q� 1
1� q�t ð9Þ

With q ¼ 1þ i and
q: interest rate factor.
i: interest rate, in %.
t: payback period, in years.

In Fig. 7 the annuity factor for the three cases over the payback
period is displayed.

Matching the chosen payback periods with these results, leads
to an annuity factor of 0.26 (26%), 0.09 (9%) and 0.045 (4.5%). A
summary of these parameters is given in Table 4.

For calculating the maximum acceptable investment cost, it is
distinguished between the supply of heat and cold.
2.1.1. Heat supply
For heat, the maximum acceptable investment cost can be cal-

culated over the cost difference between a unit of conventionally
supplied heat and the cost per unit of the investigated technology.
This holds the advantage that the comparison is independent of the
conventional technology used. In this paper, a heat price of 0.04 €/



Table 6
Input parameters for an absorption chiller.

EER_compressor 4
EER_absorber 12
Cost of electricity 0.117 €/kW h
Inv_con 300 €/kW or 450 €/kW (for 25 years)
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kW h is assumed. The maximum acceptable investment cost
(Inv_max) can then be calculated as shown in Eq. (10):

Inv max ¼ operating hours � Dcost
unit heat

� 1
AF

ð10Þ

To determine the cost difference between a unit of convention-
ally supplied heat and one supplied with a heat pump Eq. (11) is
used. For the heat supplied by a heat pump, the cost is assumed
to only depend on the electricity used by the heat pump. The waste
heat is assumed to be free of charge.

Dcost
unit heat

¼ cost of heat
kW h th

� 1
COP el

� cost of electricity
kW h el

ð11Þ

For the cost of electricity the average industry price in EU 27
zone in 2012 [32] of 0.117 €/kW h is considered. This price might
of course vary by country or for private consumer. Therefore a sen-
sitivity test is presented in chapter 2.6. The input parameters used
in this study for an electrical heat pump and for an absorption heat
pump are summarized Table 5.
2.1.2. Cold supply
For cold there is no average market price available, but on the

other hand there is not a large variety of alternative production
technologies. Therefore, for the maximum the cost are divided into
fix cost and operation dependent savings. The maximum accept-
able investment cost is hence the cost the standard alternative
technology, in this case an electric compressor, plus the opera-
tional savings (Eq. (12)):

Inv max ¼ Invcon ðcurrent technologyÞ

þ operational savings ðoperating hoursÞ
AF

ð12Þ

For the investment cost of the current technology 300 €/kW
[33] are considered (for 100 kW). In the enthusiast case, a payback
period of 25 years is considered. This is the estimated life time of
an absorption chiller. However, since the mechanic compressor
has more moving parts, its life span is shorter. Therefore, for the
enthusiast case, 150% of the installation cost of the compressor is
assumed. Assuming that the heat is true industrial waste heat
and free of charge, the operational saving only depend on the elec-
tricity used in both systems (Eq. (13)):

operational savings ðoperating hoursÞ

¼ operating hours � Dcost
unit cold

ð13Þ

For the two technologies the difference in cost can be calculated
over the difference in their performance coefficient (Eq. (14)):

Dcost
unit cold

¼ 1
EERAbsorption

� 1
EERcompressor

� �

� cost of electricity
kW h el

ð14Þ

For an electrical heat pump the input parameters are summa-
rized in Table 6.
Table 5
Input parameters for an electric heat pump and an absorption heat pump.

Electric heat pump Absorption heat pump

COP_el 4 30
Cost of electricity 0.117 €/kW h 0.117 €/kW h
Cost of heat 0.04 €/kW h 0.04 €/kW h
2.2. Results and discussion

The presented general economic analysis calculates the maxi-
mum acceptable investment cost depending on different consumer
types and operating hours. In comparing the results with present
day technology cost the results give an idea of the ‘‘market readi-
ness’’ of the investigated heat transformation technologies, namely
absorption chillers, electric heat pumps and absorption heat
pumps. The current investment cost of the three technologies
range between 800–2000 €/kW, 150–500 €/kW and 330–830 €/
kW, respectively [17,33–36].

From the resulting figures presented below two conclusions can
be drawn. First of all, using the presented graph the maximum
acceptable investment cost of a system in order to be profitable
for a certain consumer type and operating hours can be derived.
This is independent of the current price of the investigated tech-
nology. It is the answer to the question ‘‘how much may it cost?’’.

Second, the derived values for the maximum acceptable invest-
ment cost are compared to present day investment cost (grey
area). This comparison of the maximum acceptable investment
cost and the present cost gives an idea of the market readiness of
the technology. Everything within or above the grey area is already
economically profitable.

In the following paragraph the results of this economic analysis
are described for the different heat transformation technologies.
Even though these technologies have different normal operating
hours, all of them have been detailed in the same operating hours
range in order to make them easily comparable.
2.3. Case 1: Absorption chiller

For the above described economic analysis, the maximum
acceptable investment cost per kW is plotted over the operating
hours for the three consumer type cases. This is displayed in
Fig. 8. In the figure, the grey area shows the present value of the
investment cost for the investigated technology. Application cases
within the grey area or above are therefore economically feasible.
Values below mark the gap that is still to overcome for market
readiness.

For example, an absorption chiller supplying round about
1000 h of cooling demand per year has a maximum acceptable
investment cost of 370, 510 and 880 €/kW for Industry, Building
Fig. 8. Maximum acceptable investment cost for absorption chillers; grey bar:
current investment cost considered for the absorption chiller case.
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Real Estate and Enthusiast investor consumer type. Comparing
these values with its current invest cost, which is between 800
and 2000 €/kW (grey area in Fig. 8), it can be seen that it is far from
being economically feasible except for the enthusiast consumer
type investor. If the cooling demand is required longer (longer
operating hours) the maximum allowable investment cost would
increase. For the Real Estate consumer type, absorption chillers
are already economically feasible for more than 2500 h operating
hours per year. However, for industrial application, the investment
cost still need to decrease significantly in order to become econom-
ically interesting.
2.4. Case 2: Electrical heat pump

For electric heat pumps the results are quite different. As shown
in Fig. 9, even for industrial applications the present day invest-
ment cost of 150–500 €/kW is matching the maximum acceptable
investment cost for 4000 operating hours. For Real Estate or
Enthusiast consumers, the maximum acceptable investment cost
is already at or above the present day investment cost of the tech-
nology. In both cases the technology is economically feasible.
2.5. Case 3: Absorption heat pump

Absorption heat pumps are already profitable for all consumer
types for more than 3000 operating hours per year (Fig. 10). For
Real Estate and Enthusiast even 1000 operating hours and less
are still economically feasible. Assuming 24 h operation per day,
3000 h equal 125 days. For an order of magnitude: average winters
in Germany, for example, have about 250 heating days [17]. The
Fig. 9. Maximum acceptable investment cost for MVC, grey bar: current investment
cost considered for the electrical MVC case.

Fig. 10. Maximum acceptable investment cost for absorption heat pump, grey bar:
current investment cost considered for the absorption heat pump case.
application of an absorption heat pump would already be prof-
itable here.
2.6. Sensitivity test on heat production

As electricity and heat price vary in different countries and over
time, a sensitivity analysis of these factors is performed for the
heat production (both electric and absorption heat pump). For
cooling production, no sensitivity analysis is carried out since in
the case of cooling the cost are directly proportional to the electric-
ity price.

Fig. 11 shows the results of a 50% increase and decrease of the
electricity and heat price respectively. It can be concluded, that the
heat price the technology is compared to, has a much stronger
influence than the electricity price. Therefore, an increase in the
oil price and thus an increase in the heat price per kW h would
move the absorption technology even further into the profit zone.

Other major parameters of the economic analysis are the elec-
trical COP (COP_el), the operating hours and the annuity factor.
Their influence has been tested by varying them between 25%
and 200%. As a reference case the Real Estate consumer type with
2000 operating hours was selected. The results are shown in
Fig. 12.

As expected, the operating hours have a linear effect on the
results of the economic analysis. The electrical COP (COP_el) has
little influence within a reasonable variation span.

However, the strongest influence comes from the annuity factor
with an almost exponential increase in investment cost for a
Fig. 11. Reference case: Real Estate consumer type with 2000 operating hours.

Fig. 12. Reference case: Real Estate consumer type with 4000 operating hours.



166 S. Brückner et al. / Applied Energy 151 (2015) 157–167
decreasing annuity factor. This supports the initial concept of
defining different consumer types with different annuity factors.
3. Conclusions

In this paper the main technologies that can be used nowadays
are described and compared for its use as waste heat recovery sys-
tems. For that, an overview of waste heat recovery potential
including main definitions, available technologies, possible indus-
trial waste heat sources and their temperatures and demand is also
shown.

Moreover, a general economic analysis is presented for three
different cases of waste heat use using heat transformation tech-
nologies (from the technologies reviewed, the ones able to produce
heat or cold): an absorption chiller producing cold and heat pro-
duction with a compression and an absorption heat pump. For each
technology, the maximum acceptable investment cost is estimated
and compared with the current investment cost depending on the
operating hour of the system. In order to do that, three different
consumer types (Enthusiast, Real Estate and Industry) are defined
to represent different expectations in interest rate, payback period
and the resulting annuity factor. Maximum acceptable investment
cost for each technology is estimated by expressing the yearly
operational savings in present value. This can then be compared
with the present day market cost. The difference between the cur-
rent investment cost of a technology and the calculated maximum
acceptable investment cost is a measure for the market readiness:
the bigger the difference, the further away is technology from wide
market adoption.

For the present day technology cost, absorption chillers are
profitable for Real Estate consumer types and when operated for
at least 2500 h per year for Enthusiast consumer types. More than
6500 h per year are needed in order to be profitable for Industry
consumers. Besides, absorption heat pumps are profitable starting
at 3000 h for Industry consumer types while for the rest even less
operating hours are economically feasible. Finally, for Real Estate
and Enthusiast consumer types, the maximum acceptable invest-
ment cost is already at or above the present day investment cost
of the technology, and for Industrial consumer types when exceed-
ing 4000 operating hours per year.

The sensitivity analysis on absorption heat pump showed a
large influence of the annuity factor on the profitability of the tech-
nology. This supports the chosen design of the economic analysis
to evaluate three different consumer types with different
annuities.

In addition it was shown, that present day electrical COP are
already good enough to reduce the influence of the electricity cost
on the investment cost.

Further research for heat transformation technologies to
recover waste heat should therefore focus on system integration,
design and size as well as market implementation.
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