Journal of Physics: a’;-:: PURPOSE-LED
Conference Series *»¢# PUBLISHING

PAPER » OPEN ACCESS You may also like

- Ecological and economic aspects of

Exergo-economic and exergo-environmental neqative impactof ransportn large cites

T M Teziev, O G Beriev, E Samrailova et

analysis of a binary geothermal power plant with al
- Ecological and economic development

SOlar bOOStI ng trends of the reqions

T B Bardakhanova and Z S Eremko

To cite this article: E. Giusti et al 2022 J. Phys.: Conf. Ser. 2385 012124 - Social and economic urbanization
processes In communes In a metropolitan

area
Hanna Borucinska-Bienkowska

View the article online for updates and enhancements.

This content was downloaded from IP address 88.147.41.87 on 29/04/2026 at 21:52


https://doi.org/10.1088/1742-6596/2385/1/012124
https://iopscience.iop.org/article/10.1088/1757-899X/663/1/012053
https://iopscience.iop.org/article/10.1088/1757-899X/663/1/012053
https://iopscience.iop.org/article/10.1088/1755-1315/320/1/012004
https://iopscience.iop.org/article/10.1088/1755-1315/320/1/012004
https://iopscience.iop.org/article/10.1088/1757-899X/603/4/042058
https://iopscience.iop.org/article/10.1088/1757-899X/603/4/042058
https://iopscience.iop.org/article/10.1088/1757-899X/603/4/042058

ATI Annual Congress (ATI 2022) IOP Publishing
Journal of Physics: Conference Series 2385(2022) 012124  doi:10.1088/1742-6596/2385/1/012124

Exergo-economic and exergo-environmental analysis of a
binary geothermal power plant with solar boosting

E. Giusti, L. Ciappi, P. Ungar, C. Zuffi, D. Fiaschi, G. Manfrida, L. Talluri
University of Florence, Florence, Italy

Corresponding author’s e-mail address: pietro.ungar@unifi.it

Abstract. The exploitation of renewable energies is a solution to the energy, economic and
environmental issues related to the massive use of fossil resources. Thus, investing in renewable
technologies is essential to achieve the carbon-neutral scenario within 2050. In this framework,
geothermal energy may have a key role. In particular, power plants with a closed binary cycle are
suitable for harnessing geothermal resources with low and medium enthalpy levels. They are prone
to be integrated with other renewable devices to increase the global power output.

Geothermal fluid can be drawn constantly from underground throughout the day and seasons.
Conversely, the availability and intensity of solar energy depend on weather conditions and the
time of year. In Italy, geothermal energy is currently harvested for continuous electricity
generation, while solar energy is mainly used for photovoltaic generation. For small-to-medium
size plants, rated between 5 and 20 MWe, the geothermal and thermodynamic solar hybridization
may lead to relevant benefits for the economic competitiveness regarding separate photovoltaic or
thermodynamic solar systems.

This article aims to investigate the economic and environmental aspects of geothermal power
plants with a closed binary cycle coupled with a topper cycle fed by linear parabolic solar
collectors. The system operation in both design and off-design conditions was analysed, and
exergo-economic and exergo-environmental simulations were conducted. The application site was
selected near Torre Alfina (Italy). It has a water-dominant reservoir with a pressure of 44 bar, a
temperature of 140 °C, and content of non-condensable gases (NCGs) approximately equal to 2%
by weight. At the design point, the net power is 8.4 MW and the first and second principle
efficiencies are 9.31% and 18.45%, respectively. The exergo-economic and exergo-environmental
analyses indicate that the components with the highest economic and environmental impact are the
condenser, the field of solar collectors, the evaporator, and the low-pressure turbine. The levelized
cost of electricity (LCOE) is equal to 14.19 c€/kWh.

1. Introduction

Geothermal energy can significantly contribute to solve the issue of the depletion of fossil fuels and
the economic and environmental problems consequent to their massive use. However, geothermal
power plants are not free of environmental impacts, which may be evaluated through a life cycle
assessment (LCA).

Above all, the release of non-condensable gasses (NCGs) from the geothermal brine into the
atmosphere is one of the most impacting of these issues. In the Italian geothermal reservoirs, the
NCGs are mainly composed of CO; and represent up to 10% in mass of the extracted brine. Moreover,
they contain significant contaminants such as CHa., H.S, NHs, Hg, and heavy metals [1, 2]. Typical
geothermal power plants such as dry steam and single and double flash plants using high enthalpy
reservoirs apply abatement approaches to reduce these contaminants. For instance, in Italy, the
AMIS® (Hydrogen Sulfide and Mercury Abatement System) technology [3] is utilized for chemical
scrubbing and adsorption and effectively removes H.S, NH3, and Hg. However, this approach does not
solve the problem of greenhouse gas emissions, estimated at around 122 mg/kWh [4, 5]. For this
reason, other geothermal solutions were studied to reduce the environmental impact. One of the most
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promising ones is the total reinjection of working fluids, which avoids emissions and allows the
preservation of the reservoir. Hybridization with other renewable resources provides for increased
energy harvesting. In particular, the present research focuses on hybridizing a geothermal system with
parabolic trough collectors (PTCs). This solution allows combining the good trait of both resources
through the base load of the geothermal device and the peak load of the solar device for a limited time
of hours, reducing thus the required soil occupation of the collectors.

2. Site and power plant of Torre Alfina

The case study selected for the application of the proposed solution is situated near Torre Alfina. The
geothermal site comprises a water-dominated reservoir with a pressure of about 44 bar and a
temperature of 140 °C [13, 14]. It has a relatively moderate amount of NCGs consisting of about the
2% of CO and 0.2% of H,S [15, 16, 17].

Five production wells and four reinjection wells generate around 5 MWe, which is the size of a
pilot power plant for the Italian regulations [18].

The space available at the site makes it possible to combine the geothermal power plant with a
topper cycle fed by linear parabolic solar collectors. Thus, the ORC system with two pressure levels
shown in Figure 1 is obtained, and the power output is enhanced.

9  Bypass
valve H PT

3t 4
15
ECC
| 21
20
30 1a0 T,
\ ro
LPP
Geothermal
well
-+ 29
e Geothermal
BHP f! reinjection

T 28
Figure 1. General layout of the new hybrid power plant with brine, ORC, and solar circuits

The plant is designed to separate part of the fluid from the economizer when direct solar radiation
is present for delivering it to the solar field for vaporization. At first, the HP steam generated by the
PTCs evolves in the high-pressure turbine; then, it is mixed with the steam from the geothermal
evaporator, and the mixture develops in the LP turbine. The flow rate in the PTCs decreases with the
solar radiation until the minimum value allowed in the HP turbine of around 40% of the design flow
rate is reached. By this time, a by-pass circuit is activated, and the fluid expands through a lamination
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valve. Finally, when no direct solar irradiation is present, the separator is closed, and the power plant
operates as a conventional geothermal system. Table 1 resumes the main parameters of the plant,
where T is the temperature p is the pressure w is the weight, m is the mass flow rate, # is the
efficiency, A is the difference, LP/HP is the ratio between the low and high values of the pressure, and
the subscripts T, P, and pp refert to the turbine, the pump, and the pinch point, respectively.

Table 1. Main parameters of the new hybrid Torre Alfina power plant

Ta0 [°C] 140 Tiys [Kg/S] 234.8
pao [bar] 44 po [bar] 30
CO, [Wo%] 2 To [°C] 150
s, [Kg/s] 234.9 mg [Kg/s] 53.64
Working fluid Isobutane 1 LPT, § LPP, 1] HPT, 7] HPP 0.87,0.8,0.87,0.8
Ts [°C] 85 ATpp 10
pi3 [bar] 14.82

3. Energy, exergy, exergo-economic, and exergo-environmental modeling

Thermodynamic and exergy analyses were carried out by applying the mass, energy, and exergy
balances proposed in [20]. Following the approach of [19] for the properties of the geothermal fluid,
the specific libraries available in Unisim® or TREND 3.0 were used. The internal libraries of the
Engineering Equation Solver (EES) software were utilized to calculate the thermodynamic properties
of the working fluid [21]. The reference state for the exergy analysis was set at 15 °C and 101.325
kPa.

The exergo-economic analysis (EEA) combines the exergy analysis with the cost analysis of the
power plant equipment. The “fuel” and a “product” were defined for each plant component, following
the SPECO (SPecific Exergy COsting) approach [22]. Most of the equipment costs (Table 2) needed
for the EEA were calculated using validated cost correlations [23, 24] reported in equations from 1 to
3 and updated by applying the latest CEPCI (Chemical Engineering Plant Cost Index).

Table 2. Correlations applied for defining the Equipment costs

Component Cost-correlation [€] Component Cost-correlation [€]
Borehole (BH) pump 1000-Wanp Condenser (COND) Eq. (1)
LPP Eq. (1) HPP Eq. (1)
Regenerative Heat Exchanger (RHE) Eq. (1) PTCs 250 $/m?2.-Aprcs
Economiser (ECO) Eq. (1) HPT Eqg. (1)
Separator Eq. (1) Mixing 2 0
Evaporator (EVA) Eq. (1) Lamination valve 1000
LPT Eq. (1) Mixing 1 0
Cpm = C;(;) * Fpy 1)
log1o Cz()) = K; + K, logyo(X) + K3(log10(X))? (2
Fpm = (B1 + B2E,Fy) 3

where Wanp is the power of the borehole pump, Aprcs is the area of the surface of the filed of solar
collectors, Cgw is the cost of the bare module including its direct and indirect costs, C, is the base cost
of the component, Fgwm is the bare module factor considering the cost correction based on the pressure
and material of the component, X is the functional unit of the component and K, Kz, K3, B1, B2, Fp, Fu
are correction coefficients defined by [24].

In the case of a binary geothermal power plant, the cost of the production and reinjection wells is
relevant, and it is determined through consolidated correlations [25]. The cost of geothermal and solar
energy is considered null, following the traditional practice of renewable energy applications. The cost
of the PTCs was derived from the literature [27]. The cost of the condenser loss is calculated and re-
assigned to all the streams proportionally to the flow of the “fuel” exergy [20].
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The exergo-economic analysis allows the calculation of the energy transformation cost. It provides
insight into the possibilities of power plant improvement by identifying the components responsible
for the highest costs of exergy destruction and capital.

The last step of this study was assessing the environmental performance of the power plant. For
this purpose, an exergo-environmental analysis (EEVA) was carried out. The EEVA combines the
exergy analysis with the LCA. The values of environmental impacts were calculated by scaling the
values obtained for the geothermal bottom plant from [19] and the solar field from [28]. Each was
scaled regarding its functional unit and under the same conditions as the environment considered in
this study. In particular, the construction phase, specifically the drilling of the wells, is relevant for the
life cycle impact assessment (LCIA) of a geothermal power plant [29] and for the hybrid power plant.
Regarding the wells and the machinery equipment, data about the specific material consumption used
LCA process were collected in [19] from the environmental assessments provided by [30].

The main results of the exergo-economic and exergo-environmental analyses are the coefficients
described in Table 3 and calculated for each component of the plant, where Ex is the Exergy rate, Z is
the instantaneous capital cost, Cp, is the exergy destruction cost rate, cr is the cost of the fuel, ce is the
cost of the product, and b is the specific environmental impact rate.

Table 3. Main coefficients used in the exergo-economic and exergo-environmental analyses

Exergo-economic analysis Exergo-environmental analysis
Exergy stream cost rate [€/s] Exergo-environmental stream impact rate [Pts/s]
Component cost balance Component environmental impact balance
Z Cj,k.in +2Z = Z Cj,k,out Z Bj,k,in +Y, = Z Bj,k,out
Component-related cost Component-related environmental impact rate
(Table 2) Yk = YCO + YOM + YDI
Component exergo-economic factor Component exergo-environmental factor
Zy Y
I Fat o far =5 5o
C t relati ¢ diff Component relative difference of specific
omponent relative cost difference environmental impacts
Crk — Crk
"W=—7"""" bP,k - bF,k
Crk Tope = —p——
F.k

In this study, the EEA and the EEVA were carried out using the 3ETool software developed in
Python [31].

The data on the temperature and pressure and the solar irradiance of the Torre Alfina site
throughout the year were obtained from PVGIS [32]. In this article, the typical monthly day is
analyzed. The orientation of the solar field in both N-S and E-O directions was investigated to verify
that the N-S direction provides the highest energy collection as suggested in [33, 34]. Since, PVGIS
provides only the monthly typical day data of irradiance either for a fixed plane oriented and inclined
by fixed angles or for two-axis solar tracking, a spreadsheet was obtained by importing the PVGIS
data relating to the DNI on a fixed horizontal plane and oriented in both N-S and E-O directions. Then,
the data of DNI for a single-axis solar tracking were calculated using formulas available in the
literature [35]. The results confirmed that for Torre Alfina latitude, the greatest amount of annual
direct solar radiation occurs for solar tracking around the N-S axis.

Since the environmental conditions provided by PVGIS differ from those used in the previous
article [19], the performance of the system in [19] was recalculated considering the same
environmental conditions adopted in this new study for comparing the results.
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4. Thermodynamic analysis at the design point and heat exchanger sizing

The system was designed for the condition expected in June at 11 a.m. when the maximum annual
radiation is present. The maximum temperature reached by the collectors is evaluated by a procedure
minimizing their levels of exergy inefficiency [36]. At the design point, the temperature is 150 °C. In
Figure 2, the temperature is presented to the changes of the specific entropy s for both the single
geothermal system and the new hybrid geothermal and solar systems.

260p 260

F Saturated line 240 Saturated line
240 [ ——lsobutane cycle —o—Isobutane cycle
2200 220
200] 200
180, 180
160] 160

1407 140

120 120

100] - ) 100
BO; 4 5=8 80

60| / /\ 60
E 3 Py

407 40

2/ 4
E 1 9
20/ - i R 20

1.2 15 1,8 21 24 2,7 3,0 1,2 15 1,8 21 2.4 27 3,0
s [kJ/kg-K] s [kd/kg-K]

T[°C]
TI°C]

Figure 2. T-s diagram for the thermodynamic processes of the two ORC power plants

In Table 4, the performance indicators obtained for the evaluated case study are presented in terms

of mechanical power W and thermal power Q. The subscript Cond,tot refers to the condenser and the
de-superheater.

Table 4. Performance parameters of the ORC system.

Nore [%] 11.92 Whpp [MW] 0.22
N1,sys [%] 9.31 Whpt [MW] 1.45
Nisys [%] 18.45 Qpco [MW] 24.01
Wgpp [MW] 1.99 Qgva [MW] 44.06
Wipp [MW] 0.55 Qconda,tor [MW] 76.77
Wipr [MW] 9.71 Qpres [MW] 19.08

The net power obtained from the plant keeping the amount of brine extracted fixed is 8.401 MW.
This enatails an increase of 3.401 MW compared to the traditional geothermal plant, which
corresponds to around 68%. Specifically, 7168 kW are produced by the LP section of the system, and
1232 kW are provided by its HP section.

The values of norc and ngys calculated for the single geothermal plant are 10.27% and 7.03%,
respectively. It is worth noticing that norc does not consider the BHP. The values for the hybrid
geothermal-solar device are 11.92% and 9.31%, respectively. Therefore, the enhancements of the first
law efficiencies in the new hybrid geothermal-solar power plant are about 16% and 32%, respectively.

5. Thermodynamic analysis in off-design conditions

An off-design model of the power plant was developed to assess the overall energy production over a
year, given that the operating condition change with the solar irradiance and ambient temperature. The
off-design model was developed considering the LMTD method for heat exchangers and
implementing the characteristic curves of the turbine. Clear sky condition during daylight hours was
considered for the analysis. The variations of ambient temperature and DNI were considered by
imposing the variability of the flow rate of the geothermal fluid and the evaporator pressure. In Figure
3, the results of the thermodynamic analysis in off-design conditions are presented.
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Figure 3. (a) Monthly distribution of HPT, LPT, and a net power of the hybrid device; (b) specific
work and mass flow rate of the LPT of each month; (c) ambient temperature and DNI during the year;
(d) comparison of the energy generation with the traditional and hybrid systems

The trend of the net power of the new hybrid power plant in off-design conditions is mainly
determined by the low-pressure turbine as its contribution is higher than the high-pressure turbine
(Figure 3a). In particular, the behavior of the LPT power depends on its specific work and mass flow
rate (Figure 3b). The specific work increases as the ambient temperature decreases, lowering the
pressure of the condenser. The trend of the power of the high-pressure turbine strictly follows that of
the DNI throughout the year (Figure 3c). The energy transformed by the system operating with the
hybrid configuration is greater than the traditional configuration during the entire year (Figure 3d).
The hybridization allows increasing energy harvesting of 6555 MWh. Since a family with four people
consumes around 2700 KWh per year, it is possible to provide energy to additional 2400 families.

6. Exergy analysis at the design point

The most impacting components of the power plant in terms of inefficiencies can be identified, as
shown in Figure 4, by applying the exergy analysis.The second principle efficiency of the plant is
29.37% for the traditional geothermal system and 18.45% for the hybrid system proposed. This kind of
worsening result is present in literature [28].

In fact, as noticeable in Figure 4, the new solar field is responsible for the largest exergy destruction.
This destruction cannot be removed as it is inherent with the collectors energy conversion process.
For this reason, a marginal second law efficiency num not accounting for the exergy loss of the
collectors, can be defined. The value of the marginal efficiency for the hybrid system is 41.9%, which
far greater than the value for the geothermal-only power plant.
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Figure 4. Values of second law efficiency and exergy destruction and loss

7. Exergo-economic and exergo-environmental analyses

The specific investment cost of the system is 6513€/kW excluding the cost of the wells. This value
should be compared with the expected cost provided by IRENA [37] for a geothermal plant (between
2584€/kW and 5353€/kW) and for a concentrating solar plant (between 4060€/kW and 4800€/kW).
Hence the relative cost of the proposed system is above the expected value.

The results of the exergo-economic analysis are presented in Tables 5 and Figure 5. The most
expensive components of the power plant in terms of purchased equipment cost (PEC) are the solar
collector field and the condenser unit due to the large surfaces needed owing to the low efficiency of
the system for the moderate temperature level of the resource. Moreover, a high cost is attributable to
the low-pressure turbine and the BHP. Considering also the cost of the exergy destruction (Z, + C'D,k),
the most impactant component is the condenser due to the very high cost and the important exergy
distruction, followed by the collector field, the LP turbine, and the evaporator.

The LCOE of the new hybrid geothermal and solar power plant is 0.15%/kWh. This value is typical for
solar photovoltaic systems, and it is only slightly higher compared to concentrating solar devices, as
shown in Figure 6. The total purchased equipment cost of the system is 54.7 M€ including BHP and
the cost of wells drilling is 38 M€.

Figure 7 compares the environmental footprint of the power generated in the analyzed hybrid
geothermal and solar power cycles. The construction of geothermal wells provides the highest
contribution. It is followed by the low-pressure turbine, the piping, and the PTCs. The environmental
impact of the isobutene as a working fluid is negligible.
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Figure 5. (a) Relative cost difference and (b) cost rates and exergo-economic factor of the main
system components
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Table 5. Outcomes of the exergo-economic analysis for the isobutane hybrid cycle

PEC Zk CD,k Zk + CD,k CFk CP,k Ik fk

Component © (€/s) (€/s) (€s) (€/kWh)  (€kWh) () &
BHP 3.380E+06 0.0272 001188 003910  0.20565 0.33823  0.64467 0.69612
LPP 897597  0.0072 0.00468 001281  0.13260 0.36680 0.78360 0.55156
RHE 1.009E+06 0.0081 0.01146  0.02391  0.04560 0.25588  0.92968 0.63474
ECO 1.545E+06  0.0125 0 0.00024 013207 0.08120 0.78083 0.52066

Separator 30155  0.0002 004318 008830 004560 0.13220  0.00095 1
EVA 5.602E+06 00451 0.00588 001311  0.20565 0.10095 121402 051101
LPT 7.243E+06 0.0583 0.04696  0.10530  0.13260  0.19269  0.45321 0.55402
COND 1.141E+07 0.0919 0.18807  0.27999  0.13260 0 1 0.32830
HPP 250067  0.0020 0.00205 0.00406  0.20565 0.32342 057262 0.49617

PTCs 1.566E+07  0.1352 0 0.13520 0 0.18845 - 1
HPT 2622E+06 0.0211 000752  0.02864  0.17036  0.29225 0.71549 0.73732

Mixing 2 0 0 000520 000520 013188 0.13260  0.00548 0
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Figure 6. Values of the LCOE of different technologies for renewable energy harnessing [37]
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In Figure 8, the environmental footprint of the hybrid power cycle is compared with other renewable
energy systems. Previous literature studies comparing different electricity technologies report the
value of the environmental impact of electricity produced with geothermal power plants in the range
between wind and photovoltaic systems for the most relevant LCA categories [29]. These studies
referred to cases without NCGs sequestration. The results reported in [19] showed that electricity from
binary geothermal systems has an extremely interesting overall environmental performance.
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Figure 8. Comparison of the environmental footprint 2.0 single score of the electricity produced in
the hybrid geothermal and solar plant and in other renewable power systems

Table 6 and Figure 9 define the results of the exergo—environmental analysis. The collector field
has the highest EF score, followed by the low-pressure turbine. The PTCs have the greatest
component-related environmental influence Y;. On the other hand, the higher value of total exergo-
environmental impact (Y, + Bp ) is attributed to the condenser, which was also the component with
the highest total environmental impact rate in the conventional geothermal plant. Moreover, the
evaporator, the low-pressure turbine, and the field of collectors have relevant overall influence values.
Depending on the share of Y, or Bp,, performance enhancements can be recommended for
components having low Y, and high B, as the condenser, evaporator, and low-pressure turbine.
Conversely, improvements regarding the design and material economy are suggested for components
with low BD,k and high Y,. The component deserving the most extensive attention is the condenser
owing to its greater exergy losses and relevant By .
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Figure 9. (a) Relative difference of specific environmental impacts; (b) Environmental impact factor
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Table 6. Exergo-environmental results for the isobutane cycle

EF 2.0 Single Score Y, Bpr Bpr+Yr ok fox
Component (Pts)* (MPtsh) (mPtsh)  (mPtsls) (%) (%)
BHP 27.85 0.125 0.390 0.515 0.26933 0.2431
LPP 3.869 0.017 0.193 0.210 0.31253 0.08240
RHE 1.6199 0.007 0.158 0.166 0.24918 0.04379
ECO 8.341 0.037 0.804 0.841 0.29555 0.04439
Separator 0 0 0 0 0 0
EVA 29.066 0.130 3.028 3.158 0.46607 0.04120
LPT 259.3 1.161 1.590 2.750 0.52287 0.42198
COND 94.608 0.424 6.367 6.790 -1 0.06237
HPP 1.49 0.007 0.067 0.074 0.27357 0.09043
PTCs 265.602 1.189 0 1.189 Infinite 1
HPT 38.5 0.172 0.176 0.348 0.54840 0.49551
Mixing 2 1.182 0.005 0.176 0.181 0.00615 0.02918

8. Conclusions

The present research aims at analyzing the economic and environmental characteristics of a hybrid
power plant consisting of a closed binary bottomer geothermal cycle and a topper concentrating solar
cycle. The obtained results are compared with those of a traditional geothermal configuration.

Once the solar direct normal irradiance data for the typical monthly day was defined, a complete
thermodynamic analysis in design conditions was conducted. The net power obtained from the plant is
8.401 MW. The integration of the solar system increases net power transformation by about 68%
compared to the traditional geothermal plant. This results in an efficiency enhancement from 7.03% to
9.31%.

An initial off-design analysis was performed to estimate the behavior of the net power by varying
the ambient temperature and the DNI. The trend of the net power of the new hybrid power plant
follows that of the low-pressure turbine as its contribution is higher regarding the high-pressure
turbine. In particular, the behavior of the low-pressure turbine power is similar to that of its specific
work and mass flow rate. The specific work improves as the ambient temperature reduces. When the
ambient pressure decreases, the temperature and pressure at the condenser decrease. This extends the
expansion and, thus, enhances the specific work. The hybridization increases energy harnessing by
6555 MWh.

The exergy analysis showed a depletion in the second principle efficiency of the new plant
compared to the conventional one. A value of 0.1845 was obtained for the new plant compared to the
value of 0.2937 of the original system. Lowering the exergy efficiency is attributed to the high losses
and destructions of exergy due to the solar collectors. It is possible to define a marginal exergy
efficiency not considering the exergy losses of the collectors, that is equal to 0.419.

The specific investment cost of the new hybrid plant was found to be 6513 €/kW. The cost analysis
showed that the solar field has the highest cost. The exergo-economic analysis showed that PTCs also
have the highest instantaneous capital cost Z. Due to its high heat exchange surface, the condenser is a
very expensive component, second only to the solar field. The LCOE value is 14.19 c€/kWh. It is in
the range of the solar photovoltaic and slightly higher than that of concentrating solar power.

Concerning the exergo-environmental analysis, the component with the highest environmental
impact rate Y is the solar array. The condenser has the highest total environmental impact rate.
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