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Abstract: In this study a thermoeconomic analysis of combined heat and power generation (CHP) for geother-
mal applications is presented. Different working fluids and power plant concepts are investigated for power
generation by Organic Rankine Cycle and additional heat generation. For geothermal conditions in Germany,
process simulations of series, parallel and hybrid circuits compared to sole power generation are performed. The
results show that for power generation fluids with low critical temperature, like R227ea or isobutane, are suita-
ble. In general, an additional heat generation decreases the averaged costs of electricity generation. In case of a
source temperature of 120 °C the costs can be reduced from 25 ct/kWh to 16 ct/kWh compared to power genera-
tion. For CHP applications fluids with higher critical temperature and series or hybrid circuits are the most effi-
cient concepts. With increasing temperature of the geothermal water an increase of supply temperature of the
heating system has less influence on the costs of electricity generation. A doubling of mass flow of the geother-
mal water decreases the averaged costs of electricity generation in the range of 28 % and 43 % depending on
power plant concept and boundary conditions.
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Nomenclature

¢ cost of electricity generation ........... ct/kWh N CORrACt PEriOd..........cccccvvvvevianianiiaannnnnn, a
C' COSES ittt € N produced amount of electricity............ kWh
€ SPECIfiC eXErgy .......ccovuvvuniinriniiiininins kJ/kg P PFESSUFC.....ooeoeeeeeeeeeeeeeeeeaeee Pa
E  exergy flowrate.......ccccovovviiiiiiannnnn. kw P mechanical power ...............c.ccceeuueen.. kw
h  enthalpy ........cccccoovvoviiniiiiia Jkg S @NIFOPY oo J/(kgK)
[ NIEFESE FALC.......cceeeveeeeieeeeeeee e % T temperature ...........c.cccoveveveeeeeeveeennn, °C
m mass flow rate.............cccceveceeennnin. kg/s N ffiCIONCY ..o %
1. Introduction

Regarding base load capacity, geothermal resources play an important role for renewable en-
ergy generation. For temperatures of the geothermal water below 180 °C direct expansion or
flash processes are not suitable under thermodynamic and economical aspects [1]. Instead
binary power plants like the Organic Rankine Cycle (ORC) or the Kalina Cycle are used.
Therefore thermal energy of the geothermal water is coupled with the secondary thermody-
namic cycle. Concerning the ORC, there are different possibilities, like selection of the work-
ing fluid, supercritical cycle or multi-stage expansion, to raise the electric efficiency [2-5].
Another interesting strategy to improve the second law efficiency and economic aspects is
combined heat and power generation (CHP). In case of geothermal applications, previous
exergoeconomic and thermoeconomic investigations are restricted to sole power generation or
district heating [6-8]. In this study potential ORC fluids, isobutane, isopentane, R227ea and
R245fa are investigated for power generation. In case of additional heat generation, parallel,
series and hybrid circuit are considered. Second law efficiency and costs of electricity genera-
tion are calculated for an assumed heat demand and typical geothermal conditions in Germa-
ny. Detailed simulations are performed for variations of mass flow of the geothermal water
and supply temperature of the heating system. The results provide basic criteria for fluid se-
lection under thermoeconomic aspects in case of power generation by ORC and CHP.
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2. Methodology

2.1. Simulation

Process simulations are done by the software tool Cylce Tempo and fluid properties are calcu-
lated by REFPROP Version 8.0 [9,10]. The process scheme of the ORC for sole power gener-

ation (SPG) and the corresponding 7,s-diagram for isopentane at standard conditions are
shown in Fig.1.
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Fig. 1. Scheme of a geothermal ORC-power plant and corresponding T,s-diagram of isopentane.

The liquid fluid is compressed by the pump to maximum process pressure. The heat supply
takes place in three steps. First the internal heat recovery, followed by the coupling with the
geothermal heat source in the preheater and finally in the evaporator. As the analyzed fluids
show a negative slope of the dew line in the 7,s-diagram, so-called dry fluids, superheating is
not necessary [11]. After the expansion the fluid is cooled down in the internal heat exchanger
and condensed in the condenser. For the standard case, process parameters and boundary con-
ditions of the heat source and sink are listed in table 1.

Table 1. Standard parameters of the ORC process simulation

parameter
temperature of geothermal water 120 °C
mass flow of geothermal water 65.5 kg/s

AT-pinch-point (evaporation / condensation) 5K
AT of the cooling water 5K

cooling temperature 15°C

maximum pressure ORC 0.8 p.
isentropic efficiency (turbine / feed pump) 0.75

Regarding the additional heat generation, three concepts are investigated. Fig. 2 shows the
series (SC), parallel (PC) and hybrid circuit (HC). As standard parameters of the heating sys-
tem a supply temperature of 75 °C and a return temperature of 50 °C are assumed. The mini-
mum temperature difference between heating system and geothermal water is 5 K. The sup-
posed annual demand of thermal power is simulated in four steps: 10 MW for 1000 operating
hours, 7.5 MW for 1500 operating hours, 5 MW for 2500 operating hours and 2.5 MW for
another 3500 operating hours.
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Fig. 2. Series circuit (a), parallel circuit (b) and hybrid circuit (c) as concepts for CHP

In case of series circuit the temperature of the geothermal water at the outlet of the ORC must
be adapted to the peak load of the heat demand. For parallel circuit fluctuations in heat de-
mand can be adjusted by varying the ratio of mass flow of the geothermal water. The hybrid
circuit describes a coupling of series and parallel circuit.

2.2. Second law analysis

The simulations of the power plant are performed by solving a system of equations, consisting
of energy balances of the heat exchangers units. Pressure and heat losses are not considered in
the process components and pipes. As an example the energy balance of the preheater is given

by
mGW(hGW,in-hGW,out)PH = mORC(h4 - hs) (1)

where m gy corresponds to the mass flow of the geothermal water, Zgw;, and hgwou 10 the
enthalpy of the geothermal water at the inlet and outlet of the preheater. The mass flow of the
ORC is described as riiprc, k3 and hy correspond to the enthalpies of the working fluid at the
inlet and outlet of the preheater. A detailed formulation of the simulation model can be seen in
Heberle and Briiggemann [12]. By using a user subroutine the outlet temperature of geother-
mal water is adapted to the maximum power output of the ORC in case of power generation.
The second law efficiency for sole power generation is calculated by

_— |PT.+ A
ILel EGW

()

where Py is the power of the turbine and Pp corresponds to the power of the pump. The max-
imum power output of geothermal source, the exergy flow £, , is obtained by multiplying
the specific exergy e with the mass flow of the geothermal water:

EGW =mgye 3

The specific exergy is calculated by:

e=h—h,—T,(s—s,) 4

The state variables Ty, py and s, are related to ambient conditions. In the case of additional
heat generation, the numerator from Equation 2 is extended with the exergetic value EQ
_|P+P]+E,

Mirgor = E
Gw

()
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where the exergy flow of the thermal energy coupled to the heating system EQ can be calcu-
lated by

EQ = mHS (eout - ein )HS (6)

where m s is the mass flow of the heating system. The specific exergy at the inlet and outlet
of the heat transfer unit of the heating system are ¢;, and e,,.

2.3. Economic analysis

The assumed parameters for the economic analysis, like exploration costs or specific costs for
the ORC module and heating system, are listed in table 2 [13]. PRIVATE EQUITY AND
STATE FUNDING ARE NOT CONSIDERED FOR THE CALCULATIONS.

Table 2. Economic boundary conditions for geothermal CHP

parameter
exploration costs 18 000 000 €
other (building, insurance, etc.) 4000 000 €
power plant (ORC) 4 000 €/kwW
heating system 150 €/kW
costs of heating pipeline 150 €/m
heating price 40 €/ MWh
rise in price rate (heating price) 1,5 %la
operating and maintenance (O&M) costs 750 000 €/a
rise in price rate (O&M) 2%
interest rate i 7%
contract period » for consumption of fixed capital costs 20a

The annual costs C4 of the power plant consist of capital consumption C¢, imputed interest
Cy, and O&M costs Coear - The imputed interest C;, for the year ¢ is calculated by

R +R,
S 2
where R, is the residual value and R, corresponds to the initial investment costs. The costs of
electricity generation ¢, at year ¢ are calculated by

C, i withz=1,....n (7

C
¢ =4 — Cei +Cr + Coaun 8)
N N

where N is the annual produced amount of electricity. In the following the averaged costs of
electricity generation ¢ are calculated for the economic analysis by:

n

2.6

=
n

9)

3. Results

3.1. Second law efficiency for power generation

The second law efficiency for sole power generation as a function of inlet temperature of the
geothermal water is shown in Fig. 3 for the investigated working fluids.
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Fig. 3. Second law efficiency for the investigated working fluids as a function of temperature of the
geothermal water

The results show obvious differences in efficiency depending on inlet temperatures. For low
temperatures R227ea is a suitable working fluid, for temperatures higher than 150 °C isobu-
tane should be favored. The local maxima for R227ea and isobutane are due to the shift of the
pinch point from the inlet of the evaporator, state point 4, to the inlet of preheater, state
point 3. The effect occurs, because the maximum process pressure of the ORC fluid is
reached, which leads to a high amount of thermal energy coupled to the cycle. As a result the
outlet temperature of the geothermal water decreases significantly. In case of the less efficient
fluids, like R245fa and isopentane, the second law efficiency increases linear with inlet tem-
peratures. For these fluids the outlet temperatures of the geothermal water are higher com-
pared to R227ea or isobutane. At 120 °C inlet temperature isopentane leads to an outlet tem-
perature of 64.3 °C compared to R227ea with 59.7 °C. The difference becomes apparent for
160 °C with outlet temperatures of 73.2 °C and 36.5 °C. A detailed explanation and graphical
description of these correlations can be found in Heberle and Briiggemann [12].

3.2. Second law efficiency for CHP

Fig. 4 shows the second law efficiency for CHP as a function of thermal power of the heating
system compared to sole power generation at standard conditions for isopentane and R227ea.
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Fig. 4. Second law efficiency depending on thermal power coupled to the heating system

An additional heat generation improves the second law efficiency of the analyzed system. In
case of isopentane the efficiency increases up to 24.8 % compared to sole power generation.
For R227ea the raise is 15.5 % in case of 10 MW thermal power coupled to the heating sys-
tem. Another interesting aspect is the comparison of the different concepts and working flu-
ids. In the range of 1 MW to 10 MW thermal power the series circuit is the most efficient
concept for isopentane as an ORC working fluid. In case of R227ea only for a thermal power
higher than 7 MW the series circuit leads to slightly higher efficiencies compared to parallel
circuit. The different behaviour of the working fluids corresponds to the outlet temperatures
of geothermal water, which has to be adjusted to the temperatures of the heating system in
case of series circuit. For R227ea, this adjustment shows higher losses in power generation
compared to isopentane.

3.3. Averaged costs for electricity generation depending on power plant concept

In the following sections only the results for R227ea and isopentane are presented, to guaran-
tee well-arranged analyses. The Southern German Molasse Basin and the Upper Rhine Rift
Valley with temperatures of 120 °C and 160 °C for the geothermal water are chosen as geo-
thermal reservoirs. In Fig. 5 the averaged costs of electricity generation depending on power
plant concept and geothermal conditions are presented. Corresponding to the second law
analysis R227ea is more suitable for power generation in comparison to isopentane. In case of
120 °C the costs are 25 ct/kWh, for 160 °C they are reduced to 15 ct/kWh. The difference to
isopentane decreases with increasing temperature of the heat source. In general CHP leads to
a decrease of averaged costs of electricity generation. In case of R227ea and 120 °C they are
reduced to 18 ct/kWh by parallel circuit. The most economic concept for 120 °C is isopentane
in conjunction with series circuit. For 160 °C the working fluid isopentane and the hybrid
circuit with averaged costs of electricity generation of 9 ct/kWh should be preferred. In gen-
eral the hybrid circuit only makes sense for working fluids with high outlet temperatures of
the geothermal water, like R245fa or isopentane.
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Fig. 5. Averaged costs of electricity generation depending on power plant concept

3.4. Variation of supply temperature of the heating system and mass flow of the geother-
mal water

Table 3 shows the averaged costs of electricity generation as a function of supply temperature
of the heating system and mass flow of the geothermal water for isopentane in case of SPG
and SC. In this case the duration curve of heat demand is analyzed more detailed in 11 steps.

Table 3. Averaged costs of electricity generation depending on supply temperature of the heating sys-
tem and mass flow of the geothermal water

heating system SC-120°C SPG -120°C SC-160 °C SPG -
supply temperature (ct/kWh) (ct/kWh) (ct/kWh) 160 °C(ct/kwWh)

75°C 20 28 11 14
85°C 24 28 11 14
95 °C 32 28 12 14

mass flow

65.5 kg/s 20 28 11 14

100 kg/s 15 19 8 11

120 kg/s 13 16 8 10

In case of 120 °C an increasing supply temperature has a significant influence on the averaged
costs of electricity generation. Since the outlet temperature of the geothermal water has to be
increased for higher supply temperatures the losses in electrical power generation rise. For
95 °C supply temperature, the CHP concept leads with 32 ct/kWh to higher costs than sole
power generation with 28 ct/kWh. For 160 °C the increase in supply temperature has only a
marginal influence on economic aspects. A rise in mass flow of the geothermal water leads to
a higher power output and lower costs of electricity generation. At a source temperature of
120 °C an increase from 65.5 kg/s to 120 kg/s leads to a reduction of costs from 28 ct/kWh to
16 ct/kWh in case of power generation and for series circuit from 20 ct/kWh to 13 ct/kWh. In
case of 160 °C, costs are reduced up to 28 %.

4. Discussion

A thermoeconomic analysis for combined heat and power generation in case of geothermal
heat sources below 180 °C was performed. For power generation the ORC with different
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working fluids was investigated. The second law efficiency and the costs of electricity genera-
tion were calculated for three concepts of heat generation and two typical geothermal condi-
tions in Germany. The following conclusions can be summarized:
. Second law efficiency and economic aspects can be enhanced by CHP.
. For power generation working fluids with low critical temperatures, at the shift of the
pinch point, should be selected.
« R227ea leads with 25 ct/kWh and 15 ct/kWh to low costs for sole power generation.
« In case of CHP, working fluids with higher critical temperatures are suitable.
. Isopentane in conjunction with series and hybrid circuit is the most economic concept
for CHP. In case of 120 °C and series circuit the costs of electricity generation are
16 ct/kWh and for 160 °C and hybrid circuit the costs are 8 ct/kWh.
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