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Based on the Rational Exergy Management Model, 
the objective of this study is to develop an analy-

tical tool with new design, evaluation, and rating 
metrics for designing and analyzing hybrid energy 
systems and resources, including low-enthalpy ge-
othermal energy towards achieving nearly-zero sta-
tus of district energy systems, based on both energy 
and exergy performance of new establishments with 
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district energy systems. The main aim is to achieve 
maximum decarbonization efficiency in these estab-
lishments. Another aim is to resolve the conflict bet-
ween decarbonization and high CO2 content of the 
geothermal reservoirs in Turkey by reducing the unit 
CO2 emissions per unit exergy output of the hybrid 
system, in addition of traditional methods of captu-
ring and use of CO2.

A B S T R A C T

W ithin the broad range of sustainability and decarbonization efforts, energy and ex-
ergy-rational cities are becoming universally important. Within this context, both 

ORC systems, which are touted as primarily useful for utilizing low-enthalpy geothermal 
resources and heat pumps, which are considered as the primary tool for decarbonization 
are critically analyzed in this study. In this context, two cases regarding an ORC, which is 
used only for power generation without utilizing its waste heat and a heat pump operating 
on grid power, were examined and was concluded that they are not exergetically sustain-
able, if they operate as individual systems. This study instead developed an analysis model, 
which reveals with case studies and examples that a broad hybridization of combining 
ORC technology, heat pumps, absorption units, thermal storage, and other renewable en-
ergy resources, like solar and wind provides sustainable and exergetically rational design 
solutions. It is argued and verified that, within practical demand and supply constraints in 
the built environment, such hybrid systems lead to 4th generation district energy systems 
and beyond, like nearly-zero energy and exergy cities. In order to arrive such conclusions, 
new evaluation and rating metrics based on Rational Exergy Management Model were 
introduced. A novel nearly-zero energy and exergy design about a 20000-inhabitant town 
having geothermal energy potential at a production well-head temperature of 80oC is pre-
sented for a simplified purpose of demonstrating the algorithm of the new model This 
design incorporates ground-source heat pumps, waste heat utilization, cogeneration units, 
in addition to ORC system. Such an enrichment of the multiple systems even in a simplis-
tic manner in an exergy economy cycle analytically reduces CO2 emissions by about 66%, 
when compared to a conventional district energy system utilizing natural gas. Yet analyses 
have shown that results are sensitive upon design constraints and local conditions and 
concludes that the only option of achieving a truly sustainable solution in terms of exergy 
towards net-zero status is optimum bundling of the energy resources and systems on a case-
by-case design with the main aim of balancing the supply and demand exergy.

Keywords: 
ORC technology; Geothermal energy; Hybrid district energy system; Rational Exergy 
Management Model; CO2 emissions responsibility; Heat pumps; Cogeneration; Thermal 
energy storage
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kW. The latter is definitely higher. A new criterion has been 
defined, which is named the Added Value, AV. It is a simple 
product of the First-Law efficiency, ηORC or ηDE and the unit 
exergy, εE or εH of the power generation by ORC equipment 
or thermal output of the district energy system at a well-
head temperature, TK, respectively.

E ORC E ORCAV η ε η= × ≈               ,or                         (2-a)

2831
273H DE H DE

K
AV

T
η ε η

 
= × = × −  + 

                 (2-b)

Here ηORC is the First-Law efficiency of ORC in electric 
power generation (εE~1 kW/kW) for a given well head tem-
perature of the geofluid, TK (See Fig. 3):

ORC KaT bη = +                                                                (2-c)

Here, 283 K is the selected reference temperature, Tref 

for the ideal Carnot Cycle. Equations 2-a, 2-b, and 2-c may 
be simultaneously solved for a critical TK value, namely TKCR. 
Such a solution is the positive root of the quadratic equation:

2
273 2731 1 4 273 1

2

DE DE DE DE
KCR

DE

a a a b

T
a

η η η η

η

       
− ± − + × × +              

       =
 
  
 

                                                                                                 (3)

In this Example, TKCR is around 100oC. Below this cri-
tical temperature ORC system is not feasible. Above the 
critical temperature ORC is a better option. An even better 
option is to utilize the waste heat from ORC in a low-exergy 
district heating system at around for example 40oC.

In Turkey, most of the geothermal energy grabens are 
CaCO3 based. This means that geothermal wells emit CO2 
that needs to be recaptured, which is considered as an ex-
pensive process in the sector. That is why most of the app-
lications in Turkey directly release CO2 to the atmosphere, 
nearly at a rate of 1 kg CO2/kW-h. To be precise, this rate, 
symbolized by u in Equation 1, is almost equal to coal-based 
thermal plants [1]. CO2 emissions per unit power generati-
on are 0.034 kg CO2/kW-h for Iceland, 0.33 kg CO2/kW-h 
for Italy, and the world average is 0.122 kg CO2/kW-h ac-
cording to the recent studies of the World Bank in 2016 [2]. 
According to the same report this value, particularly for the 
Gediz graben in the Western Anatolia varies between 0.9 kg 
CO2/kW-h and 1.3 kg CO2/kW-h. Other publications also 
confirm these results [3]. For natural-gas, combined-cycle 
power plants this value is around 0.42 kg CO2/kW-h (Based 
on an average First-Law Efficiency of 0.47 for the power ge-
neration in the plant and the CO2 content of natural gas of 
0.2 kg CO2/kW-h lower heating value). This value for coal-
base power plants is around 1.3 kg CO2/kW-h [4, 5, 6]. In 
Equation 1, u is the unit CO2 emissions per kW of electrical 
power generated, E.

2CO
u

E
= ∑
∑

    {kg CO2/kWE}                                          (1)

Equation 1 reminds us that the unit emission values, 
namely u are based only for power generation and there-
fore is not responsive for low-enthalpy geothermal energy 
resources, because their electric power generation capacity 
are limited or none and instead, they need to be utilized in 
the form of heat, or sometimes in the form of cold through 
absorption and most likely, through adsorption cycles. Pro-
bably that is why the waste heat of ORC systems are indeed 
wasted without employing it in useful applications in the 
field or in the city, because they are not recognized in Equa-
tion 1 nor appreciated in bank loans.

Fig. 1 further illustrates that only-electric ORC systems 
for example, may not be rational, especially from an exerge-
tic point of view [7]. Fig. 2 exemplifies this condition better 
by comparing the ORC and District Energy bundle [7]. In 
this figure, options are either using ORC alone or directly 
using the geofluid in district heating. This example shows 
that, in many cases of low-enthalpy geothermal sources like 
below 100oC, it is better to utilize the geothermal energy as 
heat or cold (through absorption or adsorption cycle) rat-
her than trying to generate power with such a low efficiency 
around 10% in practical terms. See Fig. 3 for several working 
fluids [8].

According to the example given in Fig. 2, exergy of ORC 
power output is only 0.08kW/kW while the exergy of the 
geofluid, which could be directly used for heating is 0.2 kW/

Figure 1. Exergy Rationality of Utilizing Low-Enthalpy Geothermal 
Energy for R123 Working Fluid [7]

Figure 2. ORC and District Energy Dilemma [7]
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heat. This is nothing but cogeneration and provides the first 
signals of hybrid energy systems, moving away from power-
only solutions in order to reduce u. Such an application will 
definitely reduce the above mentioned unit CO2 emission 
values. The remaining problem is how to incorporate the 
thermal output into the power-based equation above, be-
cause heat, cold, and power have quite different exergy. At 
this point the Second Law comes to the rescue such that the 
denominator of Equation 1 is modified in terms of exergy 
rather than energy:

2 2
x

xE xH xH

CO CO
u

E E E E
= =

+ +
∑ ∑

∑ ∑ ∑ ∑
              (5)

The sum of thermal exergy ExH includes geothermal 
heat converted to cold by absorption or adsorption machi-
nes. The last term in Equation 5 is based on the widely ac-
cepted assumption that electric power has a unit exergy of 
1 kW/kW (Actually 0.95 kW/kW at a reference temperature 
of 283K). Therefore, EXE (Electrical Exergy of a given elect-
rical energy) is replaced by E (Electrical Energy).  Thanks 
to the exergy concept, this equation eliminates the exergy 
differences between heat and power, because itself is based 
on exergy and lets large heat and or cold energy potential (if 
utilized instead of wasted) to be recognized and incorpo-
rated in the same domain of exergy with electric power. By 
this new metric, firstly introduced in this article, namely ux, 
high CO2 emissions from low-enthalpy geothermal energy 
sources are automatically reduced below other conventional 
power plants, while these power plants generally do not uti-
lize their waste heat. This new metric is an important incen-
tive towards utilizing the waste heat in useful forms of many 
different types of applications-not only for geothermal 
power plants but also for all types of power plants. This is 
large scale cogeneration according to EU Directive 2004/8/
EC [12]. This directive defines the efficiency requirements 
according to the First Law of Thermodynamics and calcu-
lates the primary fuel savings. Although heat and power are 
discriminated in this equation, it does not recognize the 
exergy differences in terms of the temperature of the heat 
provided. In order to resolve this issue Kilkis, S. and Kilkis 
B. have upgraded the fuel savings equation of the directive 
in terms of the Rational Exergy Management Efficiency (See 
Equation 9) [13].

Another important point is the fact that, geothermal 
potential in terms of thermal quantity, Q that contributes 
to the added value potential of the associated systems need 
to be recognized and adjusted according to the quality of 
geothermal energy potential in terms of exergy, which is de-
fined in terms of the average enthalpy represented by the 
average reservoir well-head temperature. A new metric, J 
was defined:

In this research, a new evaluation metric, which relates 
the thermal exergy and power exergy outputs of a geother-
mal system, named EXR has been derived from the new exer-
getic approach. The argument of this approach is that the 
thermal output exergy (Numerator of Equation 4 must be at 
least 25% more than ORC output exergy):

( )
( )

2831
273

2
1

H
K

XR
K

T
E

aT b

η
 
− ×  + = >

+ ×
                                 (4)

Low-enthalpy geothermal energy has about 30% share 
among different heat sources that drive ORC systems for 
electricity generation [9]. ORC market is rapidly increasing 
but their expansion mainly depends upon economic incen-
tives, tariffs, and several subsidies [9].

Even today ORC market is relying on the economic 
benefits of selling the electrical energy based on tariffs and 
incentives [10]. There are few studies however, which look 
into their actual benefits, risks, and potential disadvanta-
ges from sustainability view at large. One such recent study 
has revealed that ORC units may not be ecologically sound 
if used in a stand-alone format and just generate electric 
power [11]. The same study has shown that ORC systems 
need to be bundled with other renewable energy resources, 
systems, and energy storage units in order to be environ-
mentally acceptable from the exergy point of view [11]. In 
fact, there are few exergy analyses available in the literature 
that mainly focus on the operation of the ORC units and 
design without having a holistic approach, that is to say, its 
connection between the energy source and the demand in 
the built environment. In fact, without the Second-Law of 
Thermodynamics, it is not possible to identify and quantify 
the advantages and disadvantages of using stand-alone ORC 
units against different bundling alternatives with renewable 
energy systems.

Fig. 1 at the same time indicates that above a certain 
well-head temperature, ORC may indeed be a feasible so-
lution, but a better solution is to utilize the so-called waste 

Figure 3. ORC Efficiencies for different working Fluids [8]
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1 ref

KXH

T
Q

TEJ
A A

 
− × 

 = =                                               (6)

Fig. 4 lists several countries with 1 GW installed capa-
city and above. This listing is according to the First Law ran-
king in terms of Q. In this list, Turkey ranks fifth in the 
World. However, if for example the estimated average KT  
value is 107oC (380K) and the geographic area of Turkey is 
780,000 km2, then the J value for Turkey is 0.36 kW/km2. If 
Equation 6 is applied to all countries given in the Table, then 
the ranking will definitely shift and the position of Turkey 
will be quite different.

( )

2

2831,100 MW 1000 kW/MW 1
380

780000
0.36 kW/km

XEJ
A

 × × − 
 = =

=

Fig. 5 exemplifies the fact that Turkey is one of the co-
untries in the list, which has a majority of geothermal reser-
voirs with low enthalpy. According to Fig. 5, the well-head 
temperatures in the province of Ankara ranges between 
37oC (310K) and 56oC (329K). This means that the exergy 
of the geothermal reservoirs range between (1-283K/310K)
Q and (1-283K/329K)Q, namely 0.087Q and 0.14Q. This me-
ans that the geothermal reservoirs in the province of An-
kara the added value of useful work potential ranges only 
between 8.7% and 14% of the thermal reservoir, Q. This is 
an important step of evaluating of geothermal reservoirs 
in acknowledging the true quality of geothermal reservoirs 
instead of the quantity of the reservoirs.

Another metric is related to the investment cost, which 
is broken to electric power, heat, and cold power services In 
Equation 7, i is the unit investment cost in terms of Turkish 
Lira, TL investment per unit design power, unit exergy, he-
ating degree hours (HDC), and cooling degree hours, CDH 
(If included in the project). In Equation 7, i is the investment 
index. IE, IH, and IC are the original investments in Turkish 
Lira, which are attributable to electric power, heating, and 
cooling services, respectively to be delivered to human po-

pulations receiving power, heat, and cold services NE, NH, 
and NC, respectively in the district energy system.

1 ( )

1

1

E

E E

H

OH
E H

K

C

OC
C C

K

Ii
N P HDH CDH

I
TN P HDH
T

I
TN P CDH
T

= +
× × × +  

+
  

× × − ×  
   

  
× × − ×  

   

                            (7)

Here, P stands for the design capacities of power, heat, 
and cold services. HDH and CDH are the heating and co-
oling degree-hour values, respectively. Lower the i value is, 
better the economical investment is. The last term drops 
if any cooling service is not provided in the district energy 
system. Investment, I is rated also for the quality of the ser-
vices provided in terms of the ideal Carnot Cycle. TOH and 
TOC are the design outdoor temperatures for winter and 
summer seasons, respectively. The unit exergy of electricity 
is taken 1 kW/kW.

LITERATURE SURVEY

Current trend is to isolate any unit from the entirety of the 
applied system and evaluate it alone. For example, ORC 
units are sold based on the simple condition of economy 
to the customer or the power company in terms of elect-
ricity prices and subsidies if available and applicable to 
that particular system. The same also holds true for heat 
pumps [16]. Investment pay backs and bank loans etc. are 
always calculated in terms of the simple economy of the 
customer or the power company. These approaches do 
not reveal the real performance of the unit and real po-
tential contributions and added value to the energy eco-

Figure 4. 1 GW Country Club Ratings Based on Reservoir Potential, 
Q [14]

Figure 5. Low Enthalpy Geothermal Energy in the Province of Ankara 
[15]
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nomy at large and the environment, when coupled to the 
energy input side and the energy supply side (application).

Another current advancement is the development of 
geothermal heat pumps in smart cities and communities 
[17]. However, this project focuses on shallow geothermal 
heat pumps driven by grid electricity. Therefore, this project 
needs to be upgraded by novel, integrated solutions, like the 
ones presented earlier by the Authors [18,19].

Reza Rowshanzadeh [20] has shown that ORC tech-
nology has a very wide field of applications and gave a case 
design for one of the clients of the KTH University in Swe-
den and pointed out the need for an exergy analysis. Sun, W., 
Yue, X., and Wang. Y.  have investigated the suitable app-
lication conditions of ORC-ARC (Absorption Refrigeration- 
Cycle) and ORC-ERC (Ejector-Refrigeration Cycle) and re-
ported comparative results in terms of their exergy analyses 
[21]. In their paper, Marini, A., Alexandru, D., Grosu, L. and 
Gheorghian, A. [22] have analyzed an ORC system driven by 
solar energy with vacuum-tube collectors, which provides 
electrical power for a building. They simulated the perfor-
mance for different working fluids based on the objective 
of minimizing the exergy destructions in the system. They 
concluded that such an ORC system may be exergetically fe-
asible if a careful optimization is carried out.  A recent study 
by Kilkis, B. and Kilkis Siir [15] have complemented the idea 
that the First Law of thermodynamics is not sufficient to 
evaluate ORC systems for best performance and environ-
mental sustainability, especially when different renewable 
energy systems and systems are bundled to form a hybrid 
system. For example, the electric power input to GSHP is 
utilized to supply heat with a given First-Law COP at given 
operating conditions. But the input side and the supply side 
have different exergy.

THEORY
Review of the Rational Exergy Management 
Model

Referring to the Rational Exergy Management Method 
(REMM), developed by Şiir Kilkis [15, 21], it is possible 
to quantify the exergetic advantages that may also be di-
rectly translated to avoidable CO2 emission calculations 
one may compare direct geothermal heating versus geot-
hermal ORC power generation also. Fig. 6 and 7 show the 
so-called Exergy Flow Bars, respectively [23].

In Fig. 6, exergy destruction (εdes) takes place both in 
upstream and downstream. Because exergy is also destro-
yed upstream, based on ideal Carnot Cycle, the following 
equation is used to calculate the REMM Efficiency, ψR [23, 
24]:

sup

3231
343 0.294
2831
353

dem
R

εψ
ε

 − 
 = = =
 − 
 

                                      (8)

Here, εdem represents the demand exergy of the district 
heating system between 60oC and 40oC for Low-Exergy bu-
ildings connected to the system. Another feature of REMM 
is the ability of identifying the exergetic effect of the final 
application. The final application in this case is comfort 
heating say for example at 20oC indoor air temperature in 
buildings. Then the εdem term is replaced by (1-283/293). In 
this case ψR reduces to 0.172.

Fig. 7 shows the Exergy Flow Bar for ORC case for po-
wer generation. The un-utilized ORC outlet heat is taken 
to be at about 60oC (333 K). Because practically no exergy 
destruction takes place upstream, the following equation is 
used this time [23]:

Figure 6. Geothermal District Heating

Figure 7. Power Generation with ORC [23]
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sup

2831
3331 1 0.243
2831
353

des
R

εψ
ε

 − 
 = − = − =
 − 
 

                            (9)

REMM shows that direct geothermal heating is more 
exergy-rational than just power generation with ORC wit-
hout other Geotherm model applications, which are shown 
in Fig. 8 and 10.

Optimization Model of Hybrid Thermo Electric 
Systems- Exergetic Dilemma

The objective of this study was to develop a compound 
optimization model with a single operational variable, 
namely the heat supply temperature, Tout to a heat de-
manding building, which is shown in Fig. 8. According 
to this study, Tout must be collectively optimized for a 
given building heat load, QH for a required indoor air 
comfort temperature, Ta, which is expressed by Equation 
10 (See also Fig. 8). Here, the heating demand is satisfied 
by a certain set of heating equipment installed into the 
building. The equipment performance is characterized s 
and n. The equipment heat output is dependent on Tout. 
Because QH is a given input parameter in this model, it 
is an inequality constraint of optimization. The objecti-
ve of this new optimization problem is to maximize the 
total exergy output of the geothermal reservoir at a well 
head temperature, TK. Total exergy output is the sum of 
the electric power exergy, EXE delivered by the ORC unit 
operating at a First-Law Efficiency of ηORC (TK) and the 
thermal exergy supplied to the building, EXH. This objec-
tive comprises the following

•	 ψR is to be maximized (Equation 10).
•	 Compound CO2 emissions is to minimized (Equ-

ation 12),
•	 COP and COPEX are to be maximized (Equations 

11 and 13)
•	 Split of the geothermal energy between an ORC 

unit (X) to produce electric power at a conversion efficiency, 
ηORC and (1-X) to supply heat to the building via the GSHP.

These individual objectives may be combined to a 
grand objective functions with weighing functions to be de-
termined by the designer.

( )nH out aQ s T T= −                                                            (10)

( ) 1 K
out K

out

TCOP a b T T s
T

 
′= − − − −  
 

                       (11)

( )2 2f
R

I T

c QCO E
COP

ψ
η η
  = + −  

  
                         (12)

Heat Pump Performance

According to Fig. 8, all performance variables are related 
to Tout. For example, QH of a given indoor comfort equip-
ment is directly proportional to Tout, while the Rational 
Exergy Management Exergy, ψR is inversely proportional 
to Tout. Furthermore, CO2 emissions responsibility of the 
geothermal system, which runs on grid power to drive 
the circulation pumps has a more complex dependen-
ce on Tout. For example, in order to decrease the diffe-
rence between the inlet and outlet temperatures of the 
heat pump volumetric flow rate needs to be higher. This 
increases the power need for the circulation pumps and 
consequently CO2 emissions responsibility increases. But 
at the same time COP of the heat pump increases resul-
ting on less power demand for the compressor of the het 
pump. On the other hand, if the temperature difference 
becomes too small the exergy of the output het at a very 
low Tout decreases. This whole complexity and the conf-
licting relations show that Tout needs to be optimized.

In this study, the performance of the heat pump is exp-
ressed in terms of COPEX:

1 ref

outout
EX

in in

T
T

COP COP COPε
ε ε

 
− 

 = × = ×                       (13)

In Equation 13, εin is the unit exergy of electricity supp-
lied to the heat pump by the power plants through the grid 
(1kW/kW).  It seems that heat pumps play an important role 
in such clustered, hybrid renewable energy systems and 
equipment. Furthermore, Fig. 8 shows that an exergy base 
is crucial.

For a fixed (given) temperature, TK at the well head of 
the geothermal reservoir, when Tout increases the tempera-
ture difference, ΔT between the heat pump inlet temperatu-

Figure 8. Second Law Model for Low Enthalpy Geothermal Source and 
a Temperature-Peaking Ground-Source Heat Pump [25]
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re (TK) and the outlet temperature (Tout) increases. Consequ-
ently, the COP of the heat pump decreases. But at the same 
time, the output unit exergy increases while Tout increases 
(See Fig. 8 and Equations 11 and 13). These equations may 
be used to determine the maximum COPEX for an optimum 
Tout. According to Fig. 9, although there is a slight maximum 
for COPEX, its value is below 1. This means that COP of 
commercial heat pumps available today need to be higher, 
in terms of higher a values and smaller b values. Fig. 9 shows 
a sample variation of Tout [25].

Distance Constraint

Another constraint for district energy systems, DE is the 
maximum allowable distance between the geothermal 
source and the district location, namely Lmax [26]. Height 
of the buildings in a settlement for a given population de-
termines the Lmax. In District Energy (DE) systems, the 
hydronic piping, namely the circuit length has an exer-
getic and financial limit. Exergetic limit is the require-
ment that the exergy demand (electric) associated with 
the pumping energy consumption must be only a small 
portion of the thermal exergy delivered to the district. 
Water distribution requires substantial pumping power 
and piping network is energy/exergy intensive both in 
embedded and operational forms. Depending upon the 
amount of thermal power of different forms to be dist-
ributed, there are limits on the maximum piping length. 
Equation 5-a was developed for heating.

1.3

max 1000 20

m

o
Q TL a ∆   = + ×   

   
 {Q>1000 kWH, 

                                                                     

 ΔT ≤ 30oC}      (14)

QH is the useful thermal power to be transmitted 
(kWt), 

ΔT is the supply return temperature difference, Lmax is the 
farthest point that a closed thermal circuit may feasibly re-
ach (km), ao is an empirical constant, which is generally ta-
ken 0.6 km. The power m depends on the temperature, thus 
exergy of the heat supplied. Tref  is 283.15 K. 333.15 K is the 
traditional supply temperature.

0.33

1
0.6

1
333.15

ref

K

ref

T
T

m
T

  
−  

  = ×    −    

         {For heating}      (15)

If cold water is circulated for a cooling demand then:
1.3

max 1000 10

m

o
Q TL a ∆   = + ×   

   
    Q>1000 kWH, 

                                                                   
   ΔT ≤ 30oC}     (16)

1,23

1

0.6
1

282.65

ref

f

ref

T
T

m
T

−
  
  −   = ×  
  −     

         {For cooling}       (17)

CIRCULAR GEOTHERMAL SYSTEM 
MODEL, GEOTHERM

In order to improve the sustainability awareness in geot-
hermal and ORC industry, a new concept was developed. 
This concept comprises the idea of combining ground 
heat and geothermal energy in a circular exergy flow. The 
concept in heating mode is shown in Fig. 10.

Ground Heat, Geothermal Energy, and 
Sustainable Systems

Following from the production well to the re-injection 
well, each unit in the circular exergy flow was analyzed 
in terms of their expected performance values. Then the 
following overall performance results (Total output) were 
obtained:

Total Output = (0.62 kWH @55oC+0.34 kWH  @90oC
                          0.04 kWH  @35oC (for preheating of DHW)
                      = 1 kWH thermal
                      + 0.348 kWE electric

If the saved natural gas from district heat, which is la-
ter consumed in the poly-generation unit is not considered, 
then the gross COP of the circular geothermal loop is 1.348 
kW/1 kW of geothermal power input. First-Law COP is gre-
ater than one, because ground heat is utilized in the GSHP 
in addition to the geothermal energy. COP = 1.348.

In other words, starting from a unit geothermal power 
at 80oC, the circular geotherm provides 0.348 kW of electric 
power and 1 kW of thermal power at different supply tem-
peratures. This output favorably compares with 0.08 kW of 
electric power supplied by the ORC unit without reject heat 
recovery and 1 kW of thermal power at 80oC supply, if the 
geothermal power is utilized in the district in the form of 
heating only (Table 2). For electricity, εin in may be taken 1 
kW/kW. Tref is the environment reference temperature, in 
this case the average ground temperature (283K).

Figure 9. A Sample Variation of COP and COPEX with Tout [25]
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( )

283 283 2830.62 1 0.34 1 0.04 1 0.348 (1)
328 363 308

283 2831 1 0.62 / 0.8 1
353 2000

0.59

EXCOP =

     × − + × − + × − + ×     
     

   × − + × −   
   

=
If only a simple ORC unit would be used, then COPEX 

would be 0.092.

This Circular Geotherm Model comprises the follo-
wing units:

•	 Geothermal Well(s),
•	 ORC,
•	 GSHP,
•	 District Energy Distribution and Collection 

System,
•	 Poly-Generation System,
•	 Biogas System (Optional), and 
•	 Re-injection well(s).

Geothermal heat drives the ORC system. The electric 
power generated by the ORC drives the Ground-Source 
Heat Pumps (GSHP). Heat generated by the GSHP is uti-
lized in the district. This heat is supplemented by the rec-
laimed reject heat from the ORC system. Buildings in the 
district are low-exergy type, which permit low temperature 
heating and high temperature cooling (Cooling Mode is not 
shown above). For the modeling purposes, the natural gas 
saved by replacing the heat provided by the ORC system and 
the GSHP, which otherwise would be spent in conventio-
nal boilers for heating purposes, is assumed to be utilized 
in a local poly-generation system, which generates both 
heat and electric power. Heat generated is of higher exergy 
at 90oC and is utilized in the district energy system while 
the domestic hot water, preheated by the waste heat from 

Figure 10. Combined Heat and Power in Circular Geotherm System: 
Heating Mode

the poly-generation system is temperature peaked. Table 1 
shows a summary of the performance and compares with 
other systems.

These results further emphasize that, if a composite 
index that combines the quantity and quality features of 
the systems is used. This composite index being developed 
herein is Composite Rationality Index, CR. This index gives 

equal importance to the First and Second Laws of Ther-
modynamics, namely the First-Law Efficiency and REMM 
Efficiency. The same expression may also be repeated for 
applications involving COP.

R I RC η ψ= ×     or,                                                             (18)

R RC COP ψ= ×                                                                   (19)

Practical values of CR in geothermal district energy 
applications may vary between 0.15 and 0.60. One finds 
the CR value from Equation (18) for geothermal district 
heating and ORC power-only options to be 0.19 and 0.019, 
respectively. Here, ηI for district heating is taken 0.65 (net 
after parasitic losses) and for ORC is taken 0.08, respectively. 
This further shows that power-only ORC system may not 
be preferable in today’s practical conditions and available 
equipment. This methodology, when applied to the Geot-
herm Model, further reveals its advantages. In Fig. 10, minor 
exergy destruction in the Circular Geotherm model in hea-
ting are neglected. Then:

sup

2831
2931 1 0.827
2831
353

des
R

εψ
ε

 − 
 = − = − =
 − 
 

 

and from Equation 19:

1.348 0.827 1.114R RC COP ψ= × = × =
After comparing this result with geothermal district 

heating only case with CR = 0.19, the CO2 reduction poten-
tial ratio R from the carbon stock may also be compared ac-
cording to REMM:

( )
district heating

g

(2 ) 2 0.19 2.04
2 2 1.114

R

R eotherm

C
R

C
− −

= = =
− −

                    (20)

This calculation shows a double advantage of po-
tential CO2 reduction from the carbon stock in the built 
environment.

Table 1. Comparison of the Circular Geotherm with Natural Gas and 
ORC only Case.

System
Output

Electricity Heat at 90oC Heat at 55oC Heat at 35oC
Circular 

Geotherm 0.348 kWE 0.34 kWH 0.62 kWH 0.04 kWH

DH with NG 0.775 kWH

ORC only 0.08 kWE
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The major parameter in this achievement is due to 
the high CR value obtained in circular geotherm model. 
The same comparison with power-only ORC case with CR 
= 0.09 shows that Geotherm Model has about 2.15 times 
higher potential.

In Fig. 11, each kWH of geothermal power and each 
0.775 kWH of the replaced natural gas from original bo-
ilers of the district returns to the energy stock by 1 kWH 
of thermal power and 0.348 kWE of electric power. If the 
geothermal heat is used just in an ORC system, only 0.08 
kWE will be generated and according to the above equati-
on, with a COPEX of 0.092. The Circular Geotherm shown 
above makes use of the ground heat through the GSHP 
and a complete energy and exergy cycle is obtained, while 
all types of waste heat are also utilized. Cycle starts at 
geothermal production well head and ends at the rein-
jection well. Thermal storage systems suited to two sets 
of exergy is used to match the loads and shave off the 
peak loads. A biogas system is an option using municipal 
wastes.

Biogas is mixed with natural gas saved from the 
boilers. Electric power generated by the poly-generation 
system is fed to the district. Optional solar and wind 
energy systems in the district contribute to peak loads 
with thermal storage. The entire collection of systems 
operates in a cascaded form, like a large heat pump. This 
system couples and mobilizes ground thermal energy 
with geothermal energy. In small applications, the eva-
porator side of the heat pumps may be coupled to PV 
systems (if this option is used in district buildings) to 
absorb the heat collected by PVs, which further improve 
the COP of the GSHP units. However, the flow rate needs 
to be dynamically optimized according to instantaneous 
solar insolation, heat demand, and other operating con-
ditions, in order to maximize the total exergy output (Po-
wer and heat) of the PVT system [27, 28]. If there are more 

than one system with multiple exergy connections, then 
Equation 21 is used [23].

1 1

1 1

/

/

u v

Ri j xi j i j
i j

R u v

xi j i j
i j

E

E

ψ η

ψ

η

− − −
= =

− −
= =

=
∑∑

∑∑
                                (21)

For thermal links between two nodes i-j, EXi-j is the 
simple product of Qi-j and (1-Tref/Ti) by definition. For po-
wer links if electricity is used in electrical applications 
(electric to electric), ψRi-j may be assumed to be approxi-
mately 1.

Other Features

•	 The same circular model may be applied to other 
sources of continuous heat, like waste heat from
       an industrial plant, provided that the supply tempera-
ture is equal to or higher than 80oC,

•	 It is suitable to 4th generation district energy 
systems (4DE),

•	 This model represents an integrated, compound 
power and heat system at large,

•	 The model may be applied to a single building and 
scaled up to large district energy systems.

•	 May be combined with hydrogen economy cycle,
•	 In terms of exergy, the district may be and in fact 

should be equipped with exergy meters in order to establish 
a fair distribution of costs to individual customers

•	 The Model is equally applicable to district cooling. 
In this case, cold storage and absorption/adsorption units 
are also used. See Fig. 12 for a simplified explanation.

EVALUATION AND RATING METRICS
New Metrics

Table 2 lists the new metrics, which were especially de-
veloped in this study for rating low-enthalpy geother-
mal applications. In this table there are thirteen metrics, 
which rate different aspects of the geothermal system 
from a holistic point of view.

1 ref
H

outXTOT XE XH
XD

D D D

T
E E

TE E EE
n n n

 
+ − 

+  = = =        (22)

The number of equivalent dwellings in the district, nD 

is based on hypothetical 100m2 flats.

In addition to the above metrics, the following pay-back 
periods may also be calculated and used for additional eva-
luation:

Figure 11. GEOTHERM Case



B.
 K

ilk
is

, S
. K

ilk
is

 / 
H

it
ti

te
 J 

Sc
i E

ng
, 2

01
8,

 5
 (S

pe
ci

al
 Is

su
e:

 S
el

ec
te

d 
Pa

pe
rs

 fr
om

 th
e 

21
st
 N

at
io

na
l T

he
rm

al
 S

ci
en

ce
s a

nd
 T

ec
hn

ol
og

y 
Co

ng
re

ss
) 5

9–
73

68

•	 CO2 payback according to embedded CO2 of ma-
terial and construction,

•	 Exergy payback according to embedded exergy of 
material and construction,

•	 Energy payback according to embedded energy of 
material and construction,

•	 Investment payback according to the tariffs sub-
jected to the service subscribers in the district.

All pay-back periods are important, yet in low-enthalpy 
geothermal systems CO2 payback especially in Turkish 
geothermal fields with high CaCO3 content is critical and 
must be prioritized in the rating process. Investment re-
turns are also a crucial, because most of the equipment like 
ORC units get larger and costlier due to lower efficiencies. 
However, these statements should not mean that exergy 
and energy paybacks are less important. They influence 
CO2 payback and a sustainable economy and grow they are 

also very important. In essence all these payback definitions 
must be considered together.

Earlier Metrics

For general geothermal systems, without any distinction 
between low or high-enthalpy geothermal systems certa-
in rating parameters were defined. For referencing pur-
poses, they are listed in Table 3.

SAMPLE DESIGN STUDY

A new settlement of 20000 inhabitants in the suburbs 
of Ankara has low-enthalpy geothermal sources at 80oC 
well-head temperature. The reservoir has sufficient po-
tential to meet the loads. In order to explain the algo-

rithm of the new model, biogas system, wind and solar 
energy systems, and thermal storage are excluded in this 
simplistic conceptual design example. Geothermal wells 
supply heat to the ORC system. The ORC system deli-
vers electricity to the ground-source heat pumps, which 
generate heat at 55oC to the buildings. In order to bring 
the design to a common base of comparing the district 
with a natural gas-based central DE system, the natural 
gas saved from the district heating system by replacing 
it with heat supplied by the heat pumps, CHP system is 
included to the calculations. Power and heat at 90oC is 
supplied by the CHP system. Power is directly delivered 
to the district. Part of the heat is delivered to the absorp-
tion cooling machines (ABS) first in order to satisfy the 
coincident cooling loads in the district. Reject heat at 
35oC is mixed with the CHP output in order to deliver 
the heat to the district at the same temperature with the 
GSHP output. This is not the most feasible solution inde-
ed. The Rational Exergy Management Efficiency would 
be better if additional useful work was obtained in a pro-
cess like agricultural or industrial drying in the vicinity 
of the district for reducing the supply temperature for the 

Figure 12. Combined Heat and Power in Circular Geotherm System: 
Cooling Mode

Table 2. Metrics for Evaluating Hybrid Geothermal Systems with Low-
Enthalpy Sources.

Metric Explanation (Equation Number) Comments and 
Criteria

AV Equations 2-a and 2-b, Added Value Index >0.3

EXR Equation 4 >2

ux Equation 5 < 0.1kg CO2/kW-h

J Equation 6 Higher is better

i Equation 7 Minimize

CR

Equations 18 and 19 Composite 
Rationality Index >1

Rψ
Equations 8 and 9, Rational Exergy 

Management Efficiency Maximize

R Equation 20,  CO2 Reduction Potential 
Ratio >1.5

EXD

Equation 22, kW/kW/number of 
residences Minimize

TKCR Equation 3 Minimize

nZED Nearly-zero Energy District ψR ≥ 0.80

nZEXD Nearly-zero Energy District ψR ≥ 0.70

Table 3. Earlier Metrics Defined by the Authors [29, 30].

Metric Explanation (Equation Number) Definition

GE

U/M, U is the thermal energy claimed 
in unit time at maximum sustainable 

geothermal fluid flow rate. M is the mass 
of geofluid spent in unit time at maximum 

sustainable geothermal fluid flow rate.

Geofluid 
Effectiveness 

RDR f(heat extraction rate-natural recharge 
rate-re-injection rate).

Reservoir Decline 
Rate

OF
Amount of equipment oversizing in 

order to match supply and demand unit 
exergies.

Equipment 
Oversizing Factor

GSE

Ratio of the district capacity (Co) in 
terms of the number of equivalent 

residences without temperature peaking 
or equipment oversizing to the district 

capacity with both temperature peaking 
and equipment oversizing.

Geothermal 
System 

Effectiveness

CBUC Capital Cost/ Co

Common-base Unit 
Capital Cost
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thermal grid in the district and utilizing the reject heat 
separately in a low-temperature application like green-
house heating. Inputs for coincident design loads of the 
district with estimated respective diversity applications, 
are given in Table 4. Fig. 13 gives the sample design that 
meets the design loads.

RESULTS AND DISCUSSION

Performance Predictions

Rψ  is calculated from Equation 21 and the correspon-
ding variables are tabulated in Table 5.  Results show that 
this sample design has a Rψ  value of 0.86. Comparing 
this application with a conventional district heating 
system with natural gas boilers, with Rψ  value of 0.11, 

which is calculated from the exergy flow bar shown in Fig. 
14. The return water temperature in the district is 343K.

Then, referring to the last term in Equation 20, it is un-
derstood that the sample design has a potential of reducing 
CO2 emission responsibility by 65.8%:

[(2-0.11)/(2-0.86)-1]x100 =65.8%

Sensitivity Analysis

The effect of the COP value of the GSHP on the overall 
performance was analyzed, while the efficiency of the 
ORC unit and the capacity and characteristics of the 

CHP and ABS units were kept fixed. Fig. 15 shows an 

unexpected result that COP increase does not help in inc-
reasing the Rψ  value. In this figure, COP =1 condition 
corresponds to `no-GSHP` case, where the geothermal 
heat is directly used. This result agrees with the argu-
ment shown in Fig. 2. This result actually shows the 

Figure 13. Conceptual System for the new settlement (X=1)

Table 3. Earlier Metrics Defined by the Authors [29, 30].

Load Capacities

Electrical Load 21000 kWE

Heading Load 52000 kWE

Cooling load (Sensible) 8000 kWC

Table 5. Results for the Sample Design Study. COP=3.5, Q5-6/η5-6=34500 kW.

Numerator of
Node Ti Ti ψRi-j Qi-j/ηi-j Exi-j Equation 21 Notes

Tref = 283
i-j (K) (K) (kW) (kW) (kW) K

1-2 358 353 0.95 168600 35321.23 33433.43
2-3 na na 0.90 9860 8913.44 TE = 313 K
3-4 na na 1.00 9860 9860.00
4-5 na 328 0.48 9860 1352.744 649.56

5-6 328 323 0.90 34500 4733.232 4269.38
Demand at

50oC
6-6 dummy 0 0.00
7-8 na na 1.00 na 7000 7000.00

9-10 2200 363 0.26 51532 11356.91 2907.37
10-11 363 328 0.62 24907 3417.12 2125.45
12-13 na na 1.00 14000.00 14000.00
13-14 363 0.92 13333 2938.40 2703.33 TC is 15oC
14-14 dummy 0.00

99839.64 85861.96
Σ Σ

ΣEq. 21/
0.86 ΣEXi-j

Figure 14. Exergy Flow Bar for District Heating with Central Natural 
Gas Boilers
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strength of the Model such that the optimum result is the 
no GSHP case, which could not be concluded from the 
First Law. One main reason for this result is the fact that 
current ORC technology has very low efficiency. Instead, 
low enthalpy geothermal resources may be supported by 
solar and wind energy. In this token, PVT systems indeed 
cover both CHP and heat pump technology. Therefore, 
before envisioning rather conventional technologies like 
ORC and classical heat pumps, one need to try solar and 
wind technology. This approach will indeed stay in heat 
pump technology without ORC units, unless their effici-
encies are substantially improved.

This conclusion however is not universal and shows 
that every design, every load, and load distribution as a func-
tion of time during operation is important and the results 
are sensitive to these parameters too. For example, if the de-

sign value Q5-6/η5-6 is increased to 60000 kW (GSHP heat 
load) instead of 34500 kW, then Rψ  value at a COP value of 
3.5 becomes 0.88 instead of 0.86 and the trend shown in Fi-
gure may also reverse. These results show that both the de-
sign, selection, and sizing of the systems and equipment are 
quite complex and a thorough analysis is essential on an 
hourly basis of the building loads besides developing and 
applying an exergy-based load allocation and control soft-
ware.

CONCLUSION

All the above-mentioned case studies and sample calcu-
lations show that ORC, heat pump, district heating and 
similar energy conversion and distribution systems alone 
and only based on economic decisions may not be effec-
tive in reaching the CO2 reduction targets of Paris Ag-
reement.  Avoidable CO2 emissions, which are mainly a 
function of the rational exergy efficiency, namely the ψR 
term must be minimized first of all by maximizing the 
ψR term. Unfortunately, in all CO2 mitigation strategies, 
only the Firs-Law rules are applied. In addition, hybrid 
system designs are quite handful, which has been shown 
here that they are a requirement in order to meet the CO2 

emission reduction goals. In order to optimize required 
hybrid system alternatives, new objectives need to be re-
cognized and new evaluation metrics need to be defined 
based on exergy. COP term for example, needs to be mo-
dified in terms of exergy. COPEX then shows that first of 
all heat pumps need to be re-designed for higher design 
COP values.

Using these new objectives and metrics, a careful cir-
cular hybridization may be made with rather engineering 
ease, which is only limited by imagination. In this quest heat 
pumps also play a major role in the advent of developing 
smart (or Rational) cities provided that their COP are high 
enough from exergy point of view. This requirement brings 
a necessary condition of combining low enthalpy energy re-
sources like geothermal reservoirs and waste heat with low-
exergy/low-energy buildings and district energy systems so 
that the temperature difference between the source and the 
demand is minimal. This leads to holistic design and analy-
sis approaches like given in Fig. 10 [25]. 

In conclusion, it seems to be an absolute requirement 
that in low enthalpy resource utilization, we need to investi-
gate the most rational way of utilizing low-exergy resources 
coupled with low-exergy demands like nZED and nzEXD 
(nearly-zero energy and exergy districts, respectively) for fu-
ture settlements and retrofit districts [31]. In the same token, 
installation of nZEB and nZEXB (nearly-zero energy and 
exergy buildings, respectively) in order to improve the COP 
values of heat pumps. Last but not least, thermal energy sto-
rage systems (TES) are also very crucial for shaving off the 
peak loads, thus reducing the investment costs attributable 
to power, heat, and cold generation and improving the ratio-
nal energy management efficiency [32].

NOMENCLATURE

A		  Land area of a country, km2

AV		  Added Value,
ao		  Constant term in Equation 14, km
a, b, s̀ 		  Performance factors of the heat pump
Av		  Added value
CDH		  Cooling Degree Hour, K·h
C		  Power-to-heat ratio of CHP
CBUC		  Capital unit Cost, TL/( kWH/number 
of equivalent residences)
cf    		  Unit CO2 content of the fuel, based on 
lower heating value, kg CO2/kW-h
Co		  District capacity in terms of the 
number of equivalent residences without temperature 
peaking or equipment oversizing, number of residences, 
kWH/number of residences
COP		  Coefficient of Performance
COPEX		  Exergy-Based COP  

Figure 15. Sensitivity of Rψ  on the COP Changes. Q5-6/η5-6=34500 kW
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CR		  Composite Rationality Index
E		  Electric power, kW
EX		  Exergy, kW
EXD		  Total exergy delivered in the district 
for each dwelling, kW/dwelling
Exh or EXH	 Thermal exergy, kW
Exg or EXE 		 Power exergy, kW
EXR		  Thermal exergy and power exergy 
output ratio of a geothermal system
GE		  Geofluid Effectiveness, kW-h/kg
GSE		  Geothermal System Effectiveness
HDH		  Heating Degree Hour, K·h
i		  Unit investment cost of the geother-
mal system, TL/(person·K·h)
I		  Investment cost, TL
J		  Thermal exergy of the geothermal 
well output per km2 of a country, kW/km2
N		  Population receiving district energy 
service (in the form of heat, cold, 
                               and power individually)
OF		  Equipment Oversizing Ratio
P		  Installed power capacity, kW
Q		  Thermal (in the form of heat or cold) 
power, kW
R		  CO2 Reduction Potential Ratio
RDR		  Reservoir Decline Rate, kWH-h/h
s		  Equipment performance constant 
(Equation 10)	
T		  Temperature, K
u 		  Unit CO2 emissions per kW of electri-
cal power generated, E
ux		  Exergy-based unit CO2 emissions per 
kW of electrical power generated, E
X		  Split ratio of the geothermal fluid heat 
between ORC and the heat pump

Greek Symbols

ε		  Unit exergy, kW/kW
ψR		  Rational Exergy Management Effici-
ency
ηI		  First-Law Efficiency

ΔT		  Temperature difference, K

Subscripts and Superscripts

a		  Indoor air design temperature related 
variable

boiler		  Boiler
C		  Cooling, summer related
D		  District
DE		  District energy system
dem		  Demand
des		  Destroyed

E		  Electric
f		  Fuel
H		  Heat, heating, winter related
in		  Inlet to the heat pump
I		  First Law
K		  Geothermal well head
KCR		  Critical well-head temperature for 
equal power and heat exergy
Lmax		  Maximum allowable distance bet-
ween the geothermal source and the district location, 
km	
n		  Power of the equipment thermal per-
formance equation (Equation 10)
m		  Power of Equation 14
in		  Inlet to the heat pump
orc		  ORC system
out 		  Outlet from the heat pump
o		  Outdoor design condition
ref		  Reference
sup		  Supply
T		  Transmission
TOT		  Total
u, v 		  Summation limits in Equation 21.

Acronyms

ABS		  Absorption system
CHP		  Combined Heat and Power
DHC		  District heating and cooling
DE		  District energy system
4DE		  Fourth-generation district energy 
system
GSHP		  Ground-source heat pump
nZED		  Nearly zero-energy district
nZEB		  Nearly zero-energy building
nZEXD		  Nearly zero-exergy district
nZEXB		  Nearly zero-exergy building
ORC		  Organic Rankine Cycle system
REMM		  Rational Exergy Management Model
TES		  Thermal energy storage
WSHP		  Water-source heat pump
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