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Abstract: The environmental performance of a combined cooling, heating, and power system is
analyzed in this study at a component-level using a SPECO-based exergoenvironmental analysis.
The engine consumes natural gas and produces 168.6 kW net power. The waste heat is recovered by
a LiBr-H,O absorption chiller and a heat exchanger, which are used for cooling and heating purposes.
The energy system is assisted by a solar field. An environmental Life Cycle Assessment quantifies
the environmental impacts of the system, and these data are combined with exergy evaluations.
The highest total environmental impact rate, 23,740.16 mPt/h, is related to the internal combustion
engine, of which pollutant formation is the primary source of environmental impact. Compared with
a non-renewable energy system, the solar-assisted trigeneration system decreased the environmental
impact per exergy unit of chilled water by 10.99%. Exergoenvironmental performance can be further
improved by enhancing the exergy efficiency of the solution pump and high-pressure generator (HG),
and by employing a treatment to remove nitrogen oxides in the reciprocating engine.

Keywords: exergy; exergoenvironmental analysis; trigeneration; life cycle assessment; environmental
impacts; Eco-indicator 99

1. Introduction

The growing environmental awareness in society has motivated the development of
more efficient and integrated energy systems. Examples of these energy systems include
the cogeneration concept, in which the cascading use of energy enables the transfer of
energy between subsystems, increasing cost and environmental efficiencies. In the case
of trigeneration systems, the main products are usually electricity, heat, and cooling.
Considering that the electricity consumption of the Brazilian residential sector amounts
t0 29.6% [1], and that a significant share is related to air conditioning, the trigeneration
concept can be employed, coupling thermally activated absorption technologies that can
harness waste heat to produce cooling.

In addition, solar thermal energy is an intelligent alternative to help meet rising
electricity demands and to mitigate greenhouse gas (GHG) emissions of the industrial and
residential sectors. Clean energy technologies can help achieve global objectives related to
climate change and more sustainable development [2]. More specifically, hybrid energy
systems have become promising alternatives to reduce GHG emissions and address the
variability and intermittence associated with renewable resources.

An exergy analysis can be considered superior to a conventional energy analysis, due
to its ability to identify the irreversibilities within energy conversion processes. However,
decision-making based on exergy values alone might lead to unsuitable energy systems
when considering economic and environmental goals and needs. To this end, several
combinations of exergy concepts with economic and ecological concerns have been pro-
posed over the last decades. The merging of economic principles with exergy analysis
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has been explored since the 1930s [3,4], but the combination of second law analysis for
environmental purposes only emerged in the late 20th century [5]. Examples of the latter
include the exergoecological analysis, which is based on cumulative exergy consumption
(CEXC) [6], and the accountancy of external environmental costs of any useful forms of
energy [7]. In 2009, the exergoenvironmental assessment was developed [8] to understand
and track the formation of environmental impacts in energy conversion systems, using
environmental data obtained via a Life Cycle Assessment (LCA).

The LCA is standardized using ISO 14040 (2006) [9] and ISO 14044 (2006) [10]. Ab LCA
is utilized to quantify the potential environmental loads of energy systems, to evaluate
their performance, and to help compare alternatives at the design and operation stages.
In 2010, [11] reported a systematic method to decrease the life cycle impact of cooling
applications, employing an optimization model that considered economic and environ-
mental perspectives. Considerable reductions in environmental loads were obtained when
solar collectors were implemented as part of the optimal solution. More recently, [12] con-
ducted a comparative environmental analysis between an experimental solar absorption
air-conditioning system and a commercial cooling system. The case study was developed
in Mexico, and 80% GHG emission savings were obtained for the solar cooling system,
along with an 85% and a 20% decreases in fossil fuel depletion and ecotoxicity, respectively.
Spanish district heating and cooling systems were the focus of the LCAs in [13], whereby
the authors studied different types of thermal energy storage and verified that the non-
renewable energy system always presented the highest emissions due to the consumption
of fossil fuel (natural gas).

Energy conversion systems have attracted attention, with recent studies focusing on
the analysis and optimization of these systems. Exergoeconomic and exergoenvironmental
analyses were applied to an integrated solar hybrid cogeneration system [14]. It was
verified that the integration of a solar field reduced the environmental impact per exergy
unit of electricity by 3.8%. A cradle-to-use LCA was conducted by [15] on industrial solar
thermal systems. The results were site-dependent, with significant energy and emission
savings verified for large-scale applications (35-70 GJ/kWth and 2-5 t CO,/kWth, re-
spectively). The environmental impacts of a solar-based trigeneration plant located in
Italy were assessed by [16]. When varying the solar field area from 50 m? to 100 m?, the
payback time reduced by almost six years, with environmental impacts reducing from
140 puPt/kWh to 104 uPt/kWh. An Organic Rankine Cycle (ORC)-based trigeneration
system was proposed by [17], with solar energy and a water-LiBr double-effect absorption
chiller. The results of the advanced exergy-based environmental analysis showed that the
genset presented the highest total environmental impact (37.05 mPts/h)—if the exergy dis-
sipation of the genset is reduced, the exergoenvironmental performance can be improved.
Furthermore, [18] presented an exergoenvironmental assessment for a genset-coupled
municipal solid waste digestion plant, concluding that environmental performance could
be enhanced by minimizing the irreversibility rate of the genset. The authors of [19] car-
ried out an exergoenvironmental assessment of an absorption refrigeration system for
low-temperature applications and identified that the rectifier presented the highest envi-
ronmental impact rate (6455.96 mPts/h), with the exergy-related environmental impact
dominating the overall system.

However, only a few studies have been carried out on the evaluation of the environ-
mental burden of solar-assisted trigeneration systems that include a natural gas engine
and Li-Br absorption chiller. Therefore, the present study investigates the exergy and
exergoenvironmental performance of a natural gas-based trigeneration system assisted
by evacuated solar collectors. The hotspots of exergy inefficiencies are identified, and the
formation process of environmental impacts throughout the system is unraveled. The
objective is to quantify and track the environmental impacts of each component throughout
the energy system and determine the environmental loads per exergy unit of the final
products of the system (electricity, chilled water, and hot water). The main contributions
of this paper are as follows: (i) the development of an efficiency model evaluating solar
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tubes for Northeast Brazil; (ii) an evaluation of the energy and exergy performance of an
absorption cooling system; (iii) the assessment of the exergy and exergoenvironmental
parameters of each component and the global system and (iv) a comparison of the specific
environmental impacts of the three energy products with literature data.

2. Materials and Methods

Figure 1 shows a schematic diagram of the solar-assisted trigeneration system. The
outputs of the energy system are electricity, heat (hot water), and chilled water (air-
conditioning purposes). The complete details on the operation of this system can be
found in [20].
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Figure 1. Scheme of the solar-assisted trigeneration system.

The trigeneration system is based on [21], with the mixed-effect absorption chiller
of [22].

At full load conditions, the natural gas engine generates 168.8 kW of electricity. Fol-
lowing [20], the mixed-effect chiller uses three pressure stages (high, intermediate, and
low). The first circuit refers to the High-Pressure Generator (HG). The second circuit
refers to the low-pressure generators (LG1/LG2) and condenser, and the third circuit refers
to the evaporator and absorber. H,O and LiBr is the working fluid for this subsystem.
Most commercial absorption systems use the working fluids H,O/NHj3; or H,O/BrLi. The
former reaches lower temperatures (below 0 °C) and is utilized for ice production, and the
latter does not reach temperatures under 0 °C and is therefore used for air conditioning
purposes. H,O/BrLi requires a lower temperature from the steam generator, of around
85 °C, and therefore this system presents higher efficiency than H,O/NHj3, which requires
a steam generator temperature of 120 °C. Consequently, the system with H,O/BrLi fluid is
more advantageous for air conditioning applications.

Thermal energy shares from the exhaust gases (737.2 °C) and jacket water (85 °C) are
delivered to the high- and low-pressure generators (HG and LG, respectively) to drive the
desorption process.

A solar field provides supplementary heat to the chiller. The solar field has a 97.28 m?
aperture area, is based on evacuated tube solar collectors, and uses water at 101.3 kPA
as the heat transfer fluid. The output water flow through the collectors’ manifold is
delivered at 85.6 °C, according to the hourly average irradiation (Natal, Northeast Brazil—
5.83° S, 35.21° O). More details on the solar energy model can be found in [20]. A thermal
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energy storage tank stores hot water and supplies a constant hot water flow to the chiller
throughout the day (24 h). The chiller also received a contribution of jacket water from
the engine.

2.1. Mathematical Modeling and Exergy Assessment

This section is based on [20] and presents an overview for clarification.

The combustion reaction is considered incomplete combustion, with the formation
of CO and NO. According to [23], the mole fraction of moist ambient air is 20.59% of O,,
77.48% of N5, 1.90% of H,O, and 0.3% of CO».

The composition of natural gas is 88.82% of CHy, 8.41% of C;Hg, 0.55% of C3Hg, 1.62%
of N, and 0.6% of CO,, with a Lower Heating Value (LHV) of 47,574 k] /kg.

The mass flow rate of the exhaust gases from the internal combustion engine was
calculated using the stoichiometric coefficients of gaseous products, which were predicted
through the process of chemical equilibrium regarding the equilibrium constants of disso-
ciation of carbon dioxide and nitrogen oxidation reactions.

The mathematical model of the chiller considered mass conservation, chemical species
mass conservation, and energy balances for each component of the refrigeration system.
Its thermodynamics properties were based on the mixed-effect chiller evaluated by [22].
The enthalpy of the HO/LiBr solution was evaluated by the correlations of [24], and the
entropy of the binary solution was obtained from [25].

Exergy is a thermodynamic property of the system, relative to its surroundings, and
can be stated as the maximum theoretical useful work produced by a mass or energy flow
until it reaches total equilibrium with the reference environment. In systems where the
chemical composition changes, e.g., when chemical reactions occur, more accurate results
can be provided by separating the exergy forms [26]. The specific exergy value (e) of a
mass stream (j) is the sum of the physical (eFH) and chemical portions (eiCH) (kinetic and
potential exergies not considered).

The specific chemical exergies of pure species streams were calculated from the stan-
dard chemical exergy reference from Model II of [27]. For mixture streams, the molar
chemical exergy followed Equation (1) [28]).

el = Yoy edy +R-To Y (y; - Inyy) 1)

Chemical activity is different for ideal and real solutions and can depend on the molar
fraction. For ideal solutions y = 1. The chemical exergy of the H,O/LiBr solution adds the
standard chemical exergy of the solution components plus the exergy destruction from
the dissolution process. The standard chemical exergy values (e2y;) for water and Lithium
Bromide were calculated from [29] and from the Gibbs molar function proposed by [28],
yielding 900 kJ-kmol ! and 101,600 kJ-kmol~!, respectively

Regarding solar energy, the exergy of absorbed radiation is given by Equation (2).

: : 4T, 1T¢
Eq = 1]—-24_-2a 2
rad Qabs < 3Ts + 3,1..;1) ( )

T, is the ambient temperature and Ts is the sun surface temperature of 5770 K. Qupbs is
the absorbed radiation thermal rate on the area of the collector.

After assigning exergy rates to the streams, product and fuel definitions are applied
to each system element, following the SPECO method. All exergy removals of the flows
within the system refer to the fuel, and all exergy increases are associated with the product.

The exergy efficiency of a component (¢) is stated in Equation (3). It is the ratio

between the exergy flow rates of product and fuel (EP,k and EF,k, respectively).

E
e =X 3)
Ep
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The exergy destruction (ED,k) within a component is a measure of the real inefficiencies
of a thermodynamic process. It is defined by Equation (4).

Epx = Epx — Epx 4)

2.2. Exergoenvironmental Assessment

Beginning with the exergy analysis, the exergoenvironmental assessment goes a
step further by carrying out an environmental assessment of the equipment and energy
flows with the LCA methodology and develops exergoenvironmental cost accounting
by connecting the results of the exergy analysis with LCA data [8]. The Eco-indicator 99
method is used for the environmental impact assessment [30], expressing the environmental
impacts in terms of points or mili-points (Pts or mPts). More details on the LCA calculation
procedure for the Eco-indicator 99 method can be reviewed in [31].

Different exergy forms are also considered separately in the exergoenvironmental

assessment, and the environmental impact rate of exergy streams (B;) can be divided into
their physical and chemical components. The specific environmental impact of both the

physical and chemical exergy (b;"H,b;“H) must be known to calculate B;.
B; = biE; = bi "E{H + b{HECH ®)

The environmental impact balance of a component considers that the environmental
impact rate associated with the product (Bp i) is equal to the environmental impact rate

associated with the fuel (BF,k) plus the environmental impact rate of the component (Yk)

. PF
and the environmental impact rate due to the formation of pollutants (B, ), as shown in
Equation (6).

. ) ) . PF
Bpx =Bpx+ Yx+ By (6)
The environmental impact rate of each component (Yy) is calculated by Equation (7).

: Yy
Y= ny - 1y, - 3600 @

The lifetime (ny) of all system components is 25 years, with 8000 h of operation per
year (ny,). For the solar field, the yearly operation time is defined by the hours of sunlight
per year (herein 3000 annual hours for solar collector field and storage tanks).

For the equipment, the component-related environmental impact refers to the material
composition and includes the weight of materials, their manufacture, and their trans-
portation. The dimensional and operational parameters of equipment followed [14]. The
environmental impact of each component was calculated in agreement with its weight and

its specific environmental impact, as given by [14,32].

The environmental impact rate due to the formation of pollutants (BiF) accounts for
the operation phase of the energy system (e.g., combustion of fuel and the associated
emissions). The environmental impact rate is negative when the mass flow of pollutants
decreases within the component (i.e., carbon capture technologies). Only the following
air pollutants are considered herein: carbon dioxide (CO,), carbon monoxide (CO), and
nitrogen oxide (NO). The Eco-indicator 99 values of the per mass unit of compounds
discharged into the atmosphere were obtained by [33].

Auxiliary equations are required when the number of unknowns exceeds the number
of equations. These auxiliary equations are formulated following the F and P principles
for exergoeconomic balances. Table 1 presents the exergoenvironmental balances for each
component. Exergoeconomic and exergoenvironmental assessments assign monetary val-
ues and environmental impacts to exergy streams in conversion systems. Both approaches
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are based on specific exergy costing (SPECO) to provide component-level balances and
auxiliary equations.

Table 1. Environmental impact rates of product and fuel, with auxiliary equations.

Environmental Impact Rate per

Environmental Impact Rate per

C ¢ . . Auxiliary Eauat
omponen Exergy of Product Bp Exergy of Fuel Bg titiary Bquation
' . ' ' ) ‘ by = by - E21 —bgg- Bz (P)
ICE <b21'E21 - b20'E20) + b7 Ey7 <b26'E26 + bzs'Ezs) —boy-Epp Ea-Ex
by = bas-Eag+bs-Eas (F)
Eas+Eas
Abe ti (B™eff — bk e ) + iy by e — bo; ei?)+h by = by (F)
‘ . ph_p i o ph _.p
<b18'E18 - b17'E17> mi4 (bo € —bj 14) by, =by (F)
! ph ph Err — boa-F bs-es—bs-es bE-ef —bE" el
HG mg (bS'es —bs-e5 >+ (1.922 Exp — b3 Ez3)+ ( 6@2765)9 ) — (b} eghfegh e)
mg (bg-es — bs-es) g (bs-e§” — bg-e§") (P)
ch _ ch
=Dbs" (F)
bllji" 'elljl? bg: egh _ big-eig—by-er
. p ph ph - , Ch_ ) epl eP ejp—er
LG1 mn/. <b11/ 811 b ) + miyg (bz - e bll EH>+ =2 (P)
myg(byg-eio — bz'ez) <b34'E34 - b35'E35> b3 = bss (F)
bfl = b5" (F)
) - my73(b7-e7 —bs-e3) + Ih1o(blo el — by = bs (F)
LG2 Ty (b}fyf P! _bp oP ) bs-e3) + myy» (b7 et — bSh, e11> + b9 = bgC }SF)
(b8~E8 - b9~E9> bll” - b7 (F)
: - mg(bg-eg — byz-ern)+
Cond. bio-E19 — b1e-E . b1 i1 +bo-Eo
197519 P18 TS my (by1-e11 —bia-ern) b= ®
Evap. bis-E16 b13-E13 — big-E1s + b5 Eys b1z = by (F)
LX bz-Ez - bl-El b3-E3 - b4~E4 bz = by (F)
HX ms(bs-e5 — by-ez) be-E¢ — by-Ey bg = by (F)
Solution Pump by .El _ bO'EO b37-E37 -
. bos-Exp — bos-Eoz )+
Chiller bie-Frg ( 2Bz ~ b 23) | i
(bZO'EZO —bxn 'E21) +b1s5-Eq5
HX1 b2g-Eng — bog-Eag b23-Ezs — bogEas baz = by (F)

Solar system

b3s-Ess — bso-Eso

be-Ess

Overall

bis-Eg + <b29'E29 - bZS'EZS)
+byyEgy

(bzs'Eze +bos 'E25) +bys-Eis
+b3s-Ese

The condenser and throttling valves are considered to be dissipative components, as
they destroy exergy from a stream without producing a product, i.e., no thermodynamic
gain occurs when they are considered in isolation. Exergy destruction can be considered by
assigning a fictitious environmental impact rate and then allocating impacts to the device
that is served by the dissipative component.

The average specific environmental impacts per exergy unit of product (bp i) and fuel
(bg ) are shown in Equations (8) and (9).

Bpx
bp,k = (8)
Epx
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Br
bpy = — )
Erx

The environmental impact rate associated with the destroyed exergy (BD,k) refers to
the environmental impacts resultant of the irreversibilities, represented by Equation (10).

Bpx = brx - Epx (10)

For components supplied with renewable energy streams (e.g., solar collectors), the

environmental impact rate of destroyed exergy (BD,k) can be interpreted as the environmen-
tal impact associated with the loss of product, for a given amount of fuel. This is expressed
by Equation (11).

Bpx = bpy - Epx (11)

For renewable energy streams, the average environmental impact per exergy unit of
fuel is null.

Exergoenvironmental variables are additional parameters to evaluate the performance
of a system or process. The relative difference of environmental impacts, (ry, ), represents
the potential for reducing component-related environmental impacts, as represented in
Equation (12).

_ bpx —bgk (12)

The exergoenvironmental factor (fy, ) is the ratio between non-exergy-related environ-
mental impacts and the overall environmental impacts and indicates which type of impact
is dominant. fy,  is calculated by Equation (13).

. - PF
Y+ B

—%F (13)
Yy + Ble +B

fpx =

The LCA of natural gas was calculated with the aid of software SimaPro 9.1.1.1 [34],
using the Ecoinvent 3.6 database [35] and Eco-indicator 99 (EI99) version 2.10 (within
SimaPro). The system model allocation is based on the cut-off approach, and the hierarchist
perspective was employed, with an average weighting set (H/A). The selected process
represents natural gas at a service station (1-5 bar) (Ecoinvent, [35]). This data set includes
the exploitation and production of natural gas (13% out of combined oil gas production,
of which natural gas is assumed to be 20% sour). The leakage in exploitation is estimated
at 0.38% and for production it is estimated at 0.12%. Around 30% of the produced water
is discharged into surface water. Water emissions are differentiated between combined
oil and gas production. In the service station, the electricity requirements and emissions
from losses are included. Combustion is not considered, as its impacts are accounted for
separately within the formation of pollutants as previously mentioned. Table 2 shows the
disaggregated environmental impacts associated with natural gas.

Table 2. Environmental impacts of the consumed natural gas.

Damage Category Unit Per kg Fuel Normalized Damage Factor EI99 Damage
Human Health 6.13 x 1077 DALY 6.99 x 1072 28 mPts/kg
Ecosystem Quality 0.0293 PDF m? yr 513 x 107° 2.1 mPts/kg
Resources 7.26 M] surplus 9.6 x 1074 192 mPts/kg
Total 222.1 mPts/kg
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3. Results

The dead state is 10 °C with atmospheric pressure (101.3 kPa). This low temperature
is in accordance with the low temperature and pressure conditions of the absorption
refrigeration system. Following [23], the exergy associated with workflows is negative
when P < Py, providing negative values for physical exergy.

Therefore, the physical exergy of the steam at the evaporator (points 13 and 14, input
and output) is negative when the dead state temperature is 25 °C. The lower pressure
and temperature at these points result in a high entropy value. Therefore, streams under
dead state pressure could present negative physic exergies, which leads to a negative
environmental impacts rating in the exergoenvironmental analysis, which is inconsistent.

Table 3 lists the thermodynamics and exergoenvironmental parameters of each stream
within the system. Streams 31 and 32 refer to inlet and outlet water flows of the solar
collectors and were not considered in exergy and exergoenvironmental analyses because
the collector field and storage tanks were evaluated jointly. Thus, exergy and exergoenvi-
ronmental parameters are not presented.

Table 3. Exergoenvironmental parameters of the trigeneration system.

Point Stream T[°C] P [kPa] m [kg/s] E [kW] B [mPt/s] b [mPt/M]]
0 H,O/LiBr 30.0 0.82 2.552 1347.5 24.150 17.922
1 H,O/LiBr 30.0 92.00 2.552 1347.5 24.157 17.927
2 H,O/LiBr 67.5 92.00 2.552 1372.5 24.695 17.999
3 H,O/LiBr 81.4 6.63 2.444 14115 25.306 17.922
4 H,O/LiBr 43.6 0.82 2.444 1383.6 24.769 17.922
5 H,O/LiBr 126.5 92.00 0.684 385.6 6.998 18.149
6 H,O/LiBr 154.0 92.00 0.640 404.9 7.257 17.922
7 H,O/LiBr 87.3 6.63 0.640 383.7 6.877 17.922
8 Steam 143.8 92.00 0.044 28.7 0.521 18.149
9 Water 38.0 6.63 0.044 34 0.062 18.149
10 H,O/LiBr 77.7 6.63 1.840 1018.1 18.628 18.299
11 Steam 77.8 6.63 0.065 18.5 1.774 95.782
12 Water 38.0 6.63 0.109 6.0 0.504 83.764
13 Water 5.0 0.87 0.109 5.2 0.433 83.764
14 Steam 5.0 0.87 0.109 0.7 0.057 83.764
15 Chilled Water 14.0 101.30 8.720 436.7 0.000 0.000
16 Chilled Water 7.0 101.30 8.720 436.2 0.985 2.258
17 Water 25.0 101.30 8.486 437.8 0.000 0.000
18 Water 35.1 101.30 8.486 461.8 1.528 3.399
19 Water 40.0 101.30 8.486 477.2 1.580 3.399

20 Water 70.0 101.30 1.544 113.3 3.869 34.150
21 Water 85.0 101.30 1.544 132.1 4.615 34.933
22 Exhaust gas 737.2 101.30 0.211 114.3 0.514 4.498
23 Exhaust gas 170.0 101.30 0.211 26.4 0.119 4.498
24 Exhaust gas 120.0 101.30 0.211 225 0.101 4.498
25 Air 25.0 101.30 0.199 0.1 0.000 0.000
26 Natural gas 25.0 101.30 0.012 591.4 2.661 4.499
27 Electricity - - - 168.8 6.693 39.651
28 Tap water 25.0 101.30 0.082 4.2 0.000 0.000
29 Tap water 60.0 101.30 0.082 5.5 0.018 3.204
30 Water 70.0 101.30 0.291 21.4 0.730 34.150
31 Water 70.0 101.30 - -

32 Water 85.6 101.30 - -

33 Water 85.0 101.30 0.291 249 0.742 29.824
34 Water 85.0 101.30 1.835 156.9 5.357 34.143
35 Water 70.0 101.30 1.835 134.7 4.599 34.143
36 Solar radiation - 27.7 0.000 0.000
37 Electricity 30.0 - 2.552 0.2 0.007 39.651
38 Electricity - - - 168.6 6.686 39.651

The engine produces 168.8 kW net power at point 27 and the exiting flows of hot water
and exhaust gases supply the mixed-effect absorption chiller, which produces 460.6 kW of
chilled water at point 16. Heat from the exhaust gases is harnessed within a hot water heat
exchanger to produce 5.47 kW of hot domestic water at point 29.
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Dissipative losses were allocated within the exergoenvironmental balances. The
fictitious environmental impacts of the solution expansion valve and the condenser throttle
valve were assigned to the chilled water. The fictitious environmental impact of the
condenser was apportioned to the steam generators (LG1, LG2 and HG), using the entropy
difference as a weighting factor.

The environmental impacts per exergy unit of products are 39.651 mPt/M] (or
142.909 mPt/kWh) for electricity, 2.258 mPt/M] for chilled water and 3.204 mPt/M] for hot
water. Other studies in the scientific literature have found higher environmental impact
rates associated with cooling, because cooling is usually produced after power generation
and carries the exergy destruction of the components, such as in [36,37]. Although the
chilled water and hot water production are subsequent to power generation, the EI of
electricity is higher.

Figure 2 shows the variation of exergy efficiency when the dead state temperature
varies from 10 °C to 30 °C.

a0 o
M Trigeneration
o g
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Figure 2. Dead state temperature vs. exergy efficiency.

In Figure 2, it is observed that the exergy efficiency of the internal combustion engine
is reduced with dead state temperature, as it changes from 39.31% to 37.58%. All temper-
atures within the engine are above the dead state temperature. According to the SPECO
approach [26,38], the definition of fuel and product for heat exchangers depends on the
temperature of the inlet and outlet exergy streams. When all temperatures are above the
dead state temperature, the fuel and product definitions use the exergy difference. The
products of the engine are the exergy rate of hot water, plus electricity and exhaust gases

(E21 —Ey) + E27 + Ezz. The fuels used for the engine are the natural gas and environment

air (Ey5 + Ezg). Similar results have been reported by [39], in which the exergy efficiency
of an internal combustion engine changed from 32.9% to 29.9%. These values are lower
because [39] has only one product whereas in this study we focus on a trigeneration system.

The exergy efficiency of the absorption chiller increases with a dead state temperature.
This occurs between 15 °C and 30 °C. All of the hot water and exhaust gas temperatures of
the chiller are above the dead state temperature. The fuels of the chiller are the hot water

and exhaust gases (E34 — E35) + <E22 - Ezg). The product of the chiller is the exergy rate
variation of chilled water (E16 — E15). Both water temperatures are below the dead state

temperature. As the dead state temperature increases, the increment of the product exergy
rate of the chiller (difference in the exergy rates of points 16 and 15) also increases. When
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the dead state temperature is 10 °C, the temperature of point 15 is 14 °C (above the dead
state temperature). According to [38], the purpose of the heat exchanger dictates that the
cool fluid input (#15) belongs to the fuel, and therefore the exergy rate of the cool fluid
input is accounted for within the fuel principle as (E34 - E35) + (Ezz - E23) + Eys. Please
refer to [40] for a detailed explanation on the interactions and possibilities of inlet and
outlet flows of heat exchangers.

The dead state temperature of 10 °C is above the temperature of point 16 and below
the temperature of point 15. Therefore, the exergy rate of the chilled water exiting the
evaporator is the product exergy rate, rather than the difference between these two points.
The inlet chilled water of the evaporator is considered in the fuel exergy rate, according to
the SPECO approach. Such a change in the definition of fuel and product leads to a higher
exergy efficiency of the absorption chiller (79.75%, orange column in Figure 2). The exergy
efficiency of the overall trigeneration system correlates with the absorption chiller.

For a dead state temperature of higher than 15 °C, the product definition accounts for

the exergy rate of chilled water, hot tap water and electricity: (E16 — E15) + (Ezg — Ezg) +
E27. The fuel definition includes the natural gas and the environment air (E25 + E26). When
the dead state temperature is 10 °C, the exergy rate of point 15 becomes part of the fuel
and its product definition changes to (E]_é) + <E29 — Ezg) + Epy and the fuel definition is
(E25 + E26 + E15). The efficiency reaches 57.42% at the lowest reference temperature (see

the blue column in Figure 2). At higher temperatures, the exergy efficiency is around 29%.
Figure 3 shows the effect of the dead state temperature on the exergy destruction rate.
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Figure 3. Dead state temperature vs. exergy destruction.

The exergy destruction rate in the chiller and overall system increases slightly as the
dead state temperature reduces, as depicted in Figure 3. This occurs because the exergy
rate of fuel increases, and the exergy rate of product decreases with a reduction of the dead
state temperature. The exergy destruction rates of the reciprocating engine, solar field
and hot water heat exchanger did not present significant changes with varying dead state
temperatures. This fact can be demonstrated by Equation (4). The exergy destruction is
the difference between the exergy rates of fuel and product. The exergy destruction of the

trigeneration system is Er —Ep = (Eps + E26) — (E16 — Eq5 + Epg — Ezg). For lower dead
state temperatures, it is EF — Ep = (Ey + E26 + E15)— (E16 + Ezg — Ezg). The efficiency
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reaches 57.42% at the lowest reference temperature (blue column, in Figure 2). At higher
temperatures, the exergy efficiency is about 29%.

The exergy destruction rate in the internal combustion engine decreases slightly as the
dead state temperature is reduced. As dead state temperature is reduced, the exergy rate
of product is slightly increased. The exergy rate of fuel is constant. Therefore, the exergy
destruction rate is slightly reduced. The effect of different dead states on exergy efficiency
and exergy destruction rates has been explored in the scientific literature. Caliskan et al. [39]
have demonstrated the variation of exergy efficiency and exergy destruction rates for an
internal combustion engine with different reference values of the dead state temperature.
In [39], the same behavior is observed- as the dead state temperature is reduced, the exergy
efficiency decreases. It must be emphasized that the methodology has not been altered to
address different dead state temperatures: the SPECO approach is followed, but due to
the differences between dead state and ambient temperatures, the definitions of fuel and
product change [38].

Table 4 shows the exergy parameters, and the results indicate that the highest fuel
exergy rates are located, firstly, in the internal combustion engine, and secondly in the evap-
orator. The engine is fed by natural gas with a high chemical exergy content (49,347 k] /kg),
which is then converted into the thermal energy of combustion gases. The evaporator has
a high fuel exergy rate due to its fuel definition. The fuel exergy rate must consider the
inlet chilled water with ad high exergy rate (point 15) because the dead state temperature
value is located within the inlet and outlet temperatures (points 15 and 16). For the same
reason, the evaporator has the highest product exergy rate as the chilled water flow at
point 16 is considered in the product definition. The engine also presents a high product
exergy rate due to the high exergy rate of the electrical power converted by the shaft power
in combustion.

Table 4. Results of exergy analysis considering dead state temperature of 10 °C.

Components Er [kW] Ep [kW] Ep [kW] e [%]
ICE 477.10 187.60 289.50 39.32

Abs. 86.83 74.60 12.23 85.92

HG 108.60 68.69 39.91 63.25

LG1 35.97 35.28 0.69 98.08

LG2 13.10 7.82 5.28 59.69
Cond. 15.89 15.36 0.53 96.66
Evap. 441.20 436.20 5.00 98.87

LX 29.52 24.99 4.53 84.65

HX 21.21 17.90 3.31 84.39
Solution pump 0.18 0.02 0.16 9.44
Hot water HE 3.88 1.23 2.65 31.80
Solar field 27.15 3.53 23.62 13.00
Trigeneration 1056.00 606.20 449.80 57.41

The total exergy destruction within the trigeneration system is 449.80 kW, and the
internal combustion engine contributes 64.36% (289.50 kW) of the overall amount. The
high exergy destruction rate within the engine occurs because of the combustion (resource
degradation associated with the chemical reaction). The HG has the highest exergy de-
struction rate among the chiller components, at 39.91 kW, or 8.87%. This results from the
occurrence of heat transfer across a significant temperature difference between the heat
source (exhaust gases) and the working fluid (LiBr-water solution). The highest exergy
destruction rates were attributable to the ICE and steam generator of the refrigeration
system in [36], of 87.80% and 7.90%, respectively. This was also one of the conclusions
of [41], in which the authors studied a multigeneration scheme with waste heat recovery
and verified that improvement efforts should be initially directed to the engine, to decrease
costs and environmental loads.
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The solution pump and solar field are the components that possess the lowest exergy
efficiencies of the system. At the pump, the electricity that is supplied is used to increase
the pressure of the solution, and therefore flows to LG1 and HG. As the pressure has
little influence on the enthalpy and entropy of compressed liquids, the exergy gain of the
solution along the pump is minimal. At the evacuated tube collector, solar radiation is
converted into thermal energy to transfer heat to the water flow. Then, the high availability
of solar irradiation is used to obtain a slight gain at the exergy of the product, leading to a
low exergy efficiency.

The composition of the combustion gases was obtained via chemical equilibrium.
Table 5 displays the volumetric fraction of the combustion products, mass flow and en-
vironmental impact rate due to pollutant formation. The environmental impact rate due
to pollutant formation in the gas engine is 5.292 mPt/s, for which NO emissions are
5.119 mPt/s (96.73%), CO, emissions are 0.140 mPt/s (2.65%), and CO emissions are
0.033 mPt/s (0.62%). The major contribution of NO is a result of its high specific environ-
mental impact (4216.74 mPt/kg), despite its low mass flow at point 22. In the work of
Cavalcanti [37], NO emissions represented 92% of the environmental impact rate associated
with pollutant formation in the gas-diesel fueled engine. SO, and unburned hydrocarbon
emissions were also considered in [37].

Table 5. Combustion products composition.

Molar (Mass) Fraction Mass Rate Specific EI of
Component [%] [kg/h] Emission [mPt/kg] EI Rate [mPt/s]

CcO, 7.63 (12.30) 93.42 5.45 0.140
H,O 19.69 (12.99) 98.69 0 0

N, 69.52 (71.33) 541.80 0 0

CcO 1.85 (1.89) 14.42 8.36 0.033

NO 0.52 (0.57) 434 4216.74 5.119

O, 0.78 (0.91) 6.94 0 0
Total 1.00 (1.00) 759.61 - 5.292

Figure 4 shows a Sankey diagram for the environmental impact rates throughout
the trigeneration system. The environmental impacts of inlets were the inputs to the
exergoenvironmental balances. No environmental impacts were associated with tap water
(point 28), chilled water (point 15), cooling water (point 17), atmospheric air (point 25) and
solar radiation (point 36).

Table 6 lists the exergoenvironmental parameters for each component. The condenser
and the LG2 have the highest average environmental impacts per exergy of fuel. The
highest average environmental impact per exergy of product occurs at the solution pump.
This high value is due to the low exergy rate of product, as the pump has the purpose of
increasing pressure, and the solution stream at point 0 has only a slight gain in exergy.

Regarding exergy destruction, the highest environmental impacts are located at the
ICE, followed by the absorber and HG. High values of the exergy destruction rates are
located in the internal combustion engine and the HG. The absorber is a dissipative
component as it destroys exergy (cools solution to 30 °C) to guarantee steam absorption.

The results show that the environmental impact rate of component (Y) has only a
slight effect on the total environmental impact (BTotal), as shown in Table 6. The solar field
is the component with the highest Y (about 12.75%) due to the large amount of material
used to manufacture the collectors, which are mainly copper and glass. Furthermore, the
environmental impact of the solar field is annualized over a shorter lifetime, resulting in
a higher environmental impact rate. Despite the major contribution of the solar field on
component-related environmental impacts of the system, its contribution to the overall
environmental impact is irrelevant, at around 1%.



Energies 2021, 14, 7560

13 of 19

¥, = 1.504

33
SF 30 0.742
0.731
¥, = 45.082mPt/h " "
0.214
COND 18.628

1.559

¥, = 0.002mPt/h " 12 1

0062 ¢ Yn= 1388

0,504
25.306
a3 ¥, = 1.864 mPt/h~
0.433

24,769

16 0.057
2.258 EVAP =

¥, = 0.752 mPt/h P

ABS

¥, =3.244 mPt/h ~

e

2.661 —————>

L

¥Yp = 1.506 mPt/h
¥, = 1.795 mPt/h

HG 0.119
\ 29

7257 |6 |5 23 HX1 50401

18.082

1.594

0.521

2

6.61

(i

HX

38
6.686

0.007

0.514

24

\_ ¥ = 0.309 mPt/h
6.998

. ¥, =1.151 mPt/h

24,157

37

0.007

J24.15

I H.0/ LiBr

Water
Electricity

I Natural gas
I Flee gas

Figure 4. Sankey diagram of environmental impact rates in trigeneration system. Values in mPt/s.

Table 6. Exergoenvironmental variables.
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Abs. 23.870 27.795 1050.95 . 3.244 1054.19 0.308
HG 7.100 16.812 1020.11 - 1.795 1021.90 0.176
LG1 27.589 28.630 68.53 - 1.504 70.03 2.147
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Evap. 0.853 2.258 15.36 - 0.752 16.11 4.669
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Solution 39.651 420.084 23.05 - 0.001 23.08 0.003
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Figure 5 shows the composition of the overall environmental impacts. The gas engine
presents the highest total environmental impact (23,740.16 mPt/h), at 81.89% of total
environmental impact of the overall system. This is because of the formation of pollutants
during combustion (about 65.71% of total environmental impact). NOx has a harmful effect
on human health (respiratory system) and to ecosystem quality (related to acidification
and eutrophication). Thus, an activated carbon filter panel is an appropriate method by
which to reduce the level of contaminants such as oxides of nitrogen.
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Figure 5. Distribution of total environmental impacts.

The exergoenvironmental factors in Table 6 indicate the contribution of non-exergy
related environmental impacts to the total environmental impacts of components. Usually,
the environmental impacts associated with the life cycle of components contributes less
than 1% to the overall value.

The engine and solar field present the highest exergoenvironmental factors due to
the formation of pollutants and the high level of environmental impacts related to the
component life cycles, respectively. Aiming at the enhancement of exergoenvironmental
performance, components with lower factors must be optimized.

The solution pump, the LG2 and HG present the lowest level of exergoenvironmental
factors, and the exergy destruction constitutes the main source of the environmental
impacts. The solution pump presents the lowest exergy efficiency, and its environmental
performance can be improved by increasing its efficiency. Reducing the heat source
temperature in HG can act as an alternative to reduce exergy destruction and improve
its environmental performance. Despite its low fk value, the condenser is a dissipative
component and does not contain a thermodynamic product besides heat dissipation—
therefore, it must not be modified as exergy is destroyed for the regular operation of
the system.

Figure 6 presents the relative difference of specific environmental impacts per
component.

The solution pump, followed by the ICE, present the highest relative differences
within the trigeneration system, indicating that less effort is required for these elements to
decrease the environmental impact of the product.

The high rb value (959.45%) in the solution pump is mainly due to its low exergy
efficiency. The product carries the component irreversibilities, so a lower exergy effi-
ciency results in a higher environmental impact per exergy unit of product. In the ICE, as
previously mentioned, the formation of pollutants is the major contributor to the total envi-
ronmental impact rate, which increases the average environmental impact of the product
by 781.29% relative to fuel. The relative differences of the condenser and solar field were
not considered.
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Figure 6. Relative difference of specific environmental impact per component.

The effect of solar field integration was investigated, and Table 7 presents the cooling
rate, COD, exergy efficiency and the specific environmental impact of chilled water for the
natural gas fueled system and the hybrid system.

Table 7. Comparison between hybrid and non-renewable trigeneration (without solar field).

Environmental impact per exergy unit of

Parameter Hybrid Trigeneration (Solar-Assisted) Natural Gas-Fueled Trigeneration
Cooling rate (Qeyap) 255.5 kW 244.6 kW
CoP 0.96 0.99
Exergy efficiency 57.42% 58.21%

chilled water (bcooling) 2.258 mPt/M] 2.537 mPt/M]

The evacuated tube collectors and thermal storage tanks are coupled to the trigen-
eration system to supply heat to LG1 at point 33. Without the solar field, the system
operates only with natural gas. The hot water LG1 originates only from the jacket water
of the engine (point 20 and 21). As less hot water is provided to the steam generator, less
refrigerant is separated from the solution and transferred to condenser. Hence, the cooling
capacity is reduced.

The COP of the chiller slightly increases in the non-renewable system due to the lower
amount of hot water in LG1. The heat source ratio (exhausted gas to hot water) in the
mixed-effect absorption chiller affects its thermal performance. The chiller demonstrates
better performance when the exhaust gases are the primary heat source [22], as the latent
heat of the desorbed refrigerant in HG is used to desorb water from the solution in LG2.

The integrated solar field leads to higher exergy rates in the hybrid system without
implicating considerable environmental impacts to the exergy streams. The environmental
impact per exergy unit of fuel is negligible (solar radiation), and the component-related
environmental impact rate is not significant within the exergoenvironmental balances of
the solar field. Thus, the environmental impact per exergy unit of chilled water is reduced
from 2.537 mPt/M] to 2.258 mPt/M].

It must be highlighted that the exergy rate of the product is equal to the exergy rate of

chilled water (E1g) in the evaporator. This high value reduces the specific environmental
impact of chilled water, as verified by the evaporator balance. The environmental impact
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associated with the input chilled water (b_15) is null as the analysis does not account for
the heating, ventilation and air conditioning system fed by chilled water.
Table 8 shows a comparison of results obtained from similar studies.

Table 8. Specific environmental impact for products of generation systems.

Specific Environmental Impact

Reference Plant/ System Fuel (mPt/M]J)
beje bcooling bheating
This work Combined cooling, heat, and power Natural gas + solar 39.65 2.26 3.20
Marques et al. [36] Combined cooling, heat, and power Natural gas 9.49 47.90 5.44
Cavalcanti [37] DF engine powered CCHP Natural gas + diesel 17.20 31.27 9.89
. Organic Rankine Cycle integrated
Montazerinejad et al. [17] Absorption Chiller Solar 141 25.08 2.75
Rocha and Silva [42] USC coal-fired Coal 11.32 - -

The environmental impact per exergy unit of electricity obtained in this study is
higher than the value obtained by [36], in which a different approach was followed for
the formation of pollutants (these were embedded in the consumption of natural gas and
carried throughout the energy system, following [43]). The natural gas considered by [36]
presented a low content of hydrogen sulfides, mercaptans, and elemental sulfur.

The high environmental impacts of electricity that were obtained derive mostly from
NO emissions. When [37] replaced pure diesel with gas-diesel fuel in a marine engine, the
environmental impact rate related to pollutant formation reduced from 64.72 to 47.15 mPt/s.
Although the substitution with gas-diesel fuel reduced the energy and exergy efficiencies of
the trigeneration system, it proved beneficial for controlling gaseous emissions. In [17], the
power generated in an Organic Rankine Cycle (ORC) used solar energy and yielded low
environmental impacts for electricity (1.412 mPts/M]). In [42] bituminous coal was used
as fuel, and although the system registered high emissions, the integration of exhaust gas
treatment equipment (e.g., particulate removal, gas desulphurization, removal of nitrogen
oxides) could result in environmental benefits. The choice of primary energy consumed,
and the efficiency of the technologies employed within energy systems strongly influence
the results of exergoenvironmental and exergoeconomic assessments.

Finally, combined energy strategies (which include trigeneration) are becoming an in-
tegration practice and can employ renewable and non-renewable heat sources—the former
are frequently incorporated to enhance the performance of energy systems. Although it is
expected that the adoption of renewable energy sources yields economic and environmen-
tal benefits, this hypothesis can only be verified through thorough assessments. Sometimes
(as reported by [44], renewable energy fuels produce higher environmental impacts than
their fossil-originated counterparts. This only highlights the importance of exergy- and
LCA-based assessments, which identify the hotspots or margins for improvement. In
the case studies of [44,45], fertilization and agricultural management practices strongly
influenced the outcomes of LCAs. This means that refined soybean oil and corn, which
could be employed in producing biodiesel and ethanol, for example, present high embed-
ded environmental impacts that could outweigh the benefits of using the renewable fuel
produced. Exergoenvironmental assessments can determine the responsibility of each sub-
system to assess the overall environmental impact, identifying the causes of these impacts
and tracking their formation throughout the system. In 2020, the COVID-19 pandemic
affected the globe and for the remainder of 2021, countries will still have to address their
response to the crisis. Hopefully, 2022 will shift the focus to economic recovery, which
should consider climate goals. The combination of exergy- and LCA- assessments can help
inform a consumer or decision-maker of the environmental impacts associated with the
consumption of each energy service and smooth the process of integrating renewables
within existing energy schemes.
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4. Conclusions

Exergy and exergoenvironmental assessments were developed for a hybrid solar-
assisted combined cycle, based on the SPECO method. The system’s environmental
performance at a component level was evaluated by combining a life cycle assessment with
the exergy model.

The highest exergy efficiency values for the absorption chiller and overall trigeneration
system (79.75% and 57.42%, respectively) were achieved when the dead state temperature
was the lowest, at 10 °C. The exergy rates of product and fuel for the absorption chiller are
different for higher dead state temperatures, according to the SPECO approach. This occurs
because the dead state temperature is between that of the inlet and outlet temperatures of
chilled water.

The highest average environmental impact per exergy of fuel was obtained at the
condenser, while the highest average environmental impact per exergy of product was
obtained at the solution pump. The highest environmental impact associated with ex-
ergy destruction is located in the internal combustion engine, followed by the high-
pressure generator.

The main contributors to the overall environmental impacts within the system were
exergy destruction and pollutant formation. The highest total environmental impact rate
occurred in the internal combustion engine at 6.594 mPt/s (81.89% of total impacts). The
environmental impact rate of pollutant formation was 5.292 mPt/s of which 96.73% was
due to NO emissions.

The environmental impacts per exergy unit of products were 39.651 mPt/M] for
electricity, 2.258 mPt/M] for chilled water and 3.204 mPt/M] for hot water. When the solar
field was integrated, the environmental impact per exergy unit of chilled water decreased
by 10.99%—this occurred at the expense of the COP of the absorption chiller and the overall
exergy efficiency. The environmental impact per exergy unit of electricity and heat did
not change.

This study highlighted the relevance of environmental issues and considerations,
which have resulted in progressively more stringent restrictions in the planning and
management of energy systems.
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