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Keywords:

Desiccant wheel

Vapor compression cooling
Solid oxide fuel cells
Human waste

Biomass

Refrigerants

This paper proposes and simulates a desiccant air cooling system integrated with a vapor compression cooling
unit and a heat recovery unit for an office building in Canakkale, Turkey, during the summer season. The
required electrical energy for equipment of the proposed system is supplied by an Solid Oxide Fuel Cells (SOFC)
unit using human waste as fuel. Moreover, some of the waste heat generated by the SOFC is used to regenerate
the desiccant wheel. The simulation also includes the effects of three different refrigerants for the vapor
compression cooling unit. Among the refrigerants, the highest electrical COP was obtained for the system using
R1234ze(Z), which is 3.14% and 2.40% higher than the systems using R717 and R1233zd(E), respectively.
Additionally, the system using R1234ze(Z) achieved electrical savings of 9.97% and 9.23% compared to the
other systems. These electrical savings resulted in fuel savings of 1.19% and 0.90% for R1234ze(Z) compared to
R717 and R1233zd(E), respectively. During the summer season, the electricity production from the existing SOFC
unit met 82.00% of the total electricity consumption of the desiccant hybrid cooling system. Furthermore, a
difference of 3984.56 kWh in primary energy consumption was identified between the desiccant hybrid cooling

systems operating with the SOFC and without the SOFC during the summer season.

1. Introduction

The building sector accounts for approximately 40% of total energy
consumption of the world, with 50-70% of this energy usage attributed
to climate control systems (Masoso and Grobler, 2010; Omer, 2008). As
countries become more developed, the growing demand for comfort
conditions in buildings has significantly increased the market for space
cooling applications worldwide (Jani et al., 2018; Sheng et al., 2015). In
the ever-evolving competitive environment, there is a constant search
for solutions to reduce energy consumption in buildings and alleviate
the pressure of the global energy resource shortage (Daou et al., 2006).

In hot and humid regions, achieving comfort conditions in buildings
requires not only reducing the temperature of the outdoor air but also its
humidity (Heidari et al., 2019). Currently, cooling and dehumidification
processes are typically achieved using vapor compression cooling sys-
tems (Delfani et al., 2010). The traditional vapor compression cooling
systems are considered insufficient for providing the desired comfort

conditions in hot and humid regions due to the excessive cooling or
unnecessary reheating costs. One efficient dehumidification method is
the use of special outdoor air systems with desiccants that remove
moisture through sorption (Frein et al., 2018). Typically, compact, less
corrosive, and continuously operable rotary solid desiccants (DW) are
more popular and widely used in buildings (Jia et al., 2006; Tu et al.,
2014). However, these systems are limited by local energy distribution,
system structure, initial investment or operating costs, climate, and
regional factors. Additionally, as the amount of moisture removal from
the process air increases, the energy required for regeneration heat also
increases, leading to a higher sensible heat load that needs to be
removed from the system. To overcome these two main challenges,
many researchers have utilized solar energy, one of the alternative en-
ergy sources, to meet the regeneration heat. The most widely used solar
energy technology for this purpose is solar collectors (Chen et al., 2022;
Tian et al., 2020). In recent years, interest has also increased in the use of
photovoltaic (PV) and photovoltaic thermal (PVT) panels in these
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systems (Guo et al., 2020; Lo Basso et al., 2021). Lo Basso et al. (2021)
simulated a trans-critical COy heat pump integrated with a desiccant
cooling system for reducing the contribution of external thermal sour-
ces. The electrical COP was found as 0.9 for Milan, 1.75 for Rome, and
1.78 for Palermo and thermal COP was 0.36 for Milan, 0.61 for Rome
and Palermo for the hybrid system. Olmus et al. (2023) simulated a solid
desiccant air conditioning system for a building in Adana, Turkey,
during entire cooling season. The electrical and thermal energy required
for the proposed system is provided by water-cooled PV/T units. The
results showed that the proposed air conditioning system is a
self-sustaining and sustainable system.

A study presented by researchers from the National Renewable En-
ergy Laboratory (NREL), a research unit of the U.S. Department of En-
ergy, highlighted two major barriers to the sustainable application of
solar energy technologies in cooling technologies (Odukomaiya et al.,
2021). These are the inability to meet 100% of the electricity required
for cooling applications with solar energy technologies and the need for
very large facilities to meet the cooling demand with solar energy. The
limitations necessitate the development of more sustainable alternative
energy technologies compared to solar energy applications in cooling
systems. One of these alternative technologies is the use of solid oxide
fuel cells (SOFC) in rotary desiccant cooling systems. SOFCs are one of
the next-generation power generation technologies due to their excel-
lent energy conversion performance and low environmental emissions
(Haseli, 2018; Roushenas et al., 2020). The use of SOFC technology in
rotary desiccant cooling systems is quite limited in the literature. Fong
and Lee (2019) performed performance analyses of a small-capacity
SOFC-assisted rotary desiccant cooling system that can be utilized for
24 h. In the system, the waste heat generated by the SOFC unit was used
to meet the regeneration heat of the DAC system. The electricity pro-
duced by the SOFC was used to meet the building’s electricity needs. The
researchers also emphasized that such a system has high potential for
sustainable application in the future. However, in this system, natural
gas was used as the fuel to operate the SOFC unit. The major drawback of
natural gas is that it is a non-renewable energy source and therefore not
a sustainable energy source for the future (Naqvi et al., 2018). In this
context, the use and development of renewable energy to meet energy
needs has become one of the main research focuses today (Islam et al.,
2019). Among all renewable energy sources, biomass energy is the
fourth largest energy source in the world, accounting for approximately
14% of the world’s primary energy demand (Dong et al., 2009).
Therefore, the clean and efficient use of biomass energy has become a
significant topic in the renewable energy field. Thus, the integration of
biomass gasification and SOFC is expected to achieve the goal of clean
and efficient energy conversion (AlNouss et al., 2020; Cavalli et al.,
2021).

One of the applications of rotary desiccant cooling systems is the
combination of a desiccant wheel and a vapor compression heat pump,
which can be used widely and efficiently without any limitations (Sheng
et al., 2013, 2014). However, these systems also have some drawbacks
such as higher electricity demand because of compressor power con-
sumption, the need for an additional heater to meet the required
regeneration heat and low COPs due to the higher temperature differ-
ence between the condenser and the evaporator. Combining SOFC units,
which use biogas as a renewable energy source and have the potential to
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produce waste heat during electricity generation, with desiccant hybrid
cooling systems offers a solution to these shortcomings of the current
heat pump-assisted desiccant cooling systems.

In this study, for the first time, the effects of using a self-sustainable
SOFC unit fueled by human waste (Liu et al., 2014) in combination with
a desiccant hybrid cooling system were analyzed. The analyses were
conducted for a 60 m? office considering the climatic conditions of
Canakkale, Turkey, during the summer season. The effects of three
different refrigerants (R717, R1233zd(E), and R1234ze(Z)) on perfor-
mance and electricity consumption of the system, as well as the impli-
cations of these effects on SOFC capacity, fuel consumption, and the
disposal of solid waste from the environment, were also investigated.
The theoretical results obtained from this study are expected to inspire
many researchers in using different types of biogas-fueled SOFC units to
meet the energy needs of desiccant cooling systems and to explore new
research avenues to make this use more sustainable.

2. System description

The proposed system consists of four subsystems: a solid oxide fuel
cell unit (SOFC), a thermal energy storage unit (TES), a desiccant air-
cooling unit (DAC), and a vapor compression cooling unit (VCC)
(Fig. 1). In the DAC unit, outdoor air (fresh air) is first sucked into the
process air duct by a fan (1 — 2). The high humidity outdoor air enters
the rotary desiccant wheel (DW) in the process air duct and exits at a
lower humidity and higher temperature (2 — 3). The process air then
passes sequentially through heat exchangers (rotary heat exchanger-
RHX and evaporator) to achieve the desired air conditions (3 — 5). In
this system, the exhaust air from the indoor environment, which has
relatively lower humidity compared to the outdoor air, is directly used
for regeneration air. First, the regeneration air passes through the RHX
to recover some heat from the process air (7 — 8). Then, the regenera-
tion air is heated to the required regeneration air temperatures using the
waste heat from the condenser (8 — 9). However, if the amount of heat
from the condenser is insufficient to reach the required regeneration air
temperatures, part or all of the waste heat produced by the SOFC is used
for this process (9 — 10).

The SOFC unit is primarily used to supply the electrical energy
required by the system. While generating electricity, the SOFC unit also
produces a significant amount of waste heat. While a portion of this
waste heat is stored in the TES unit (20 — 19), another portion is used to
provide the regeneration heat needed by the desiccant hybrid cooling
system (17 — 18).

The VCC unit consists of four main components: the evaporator,
compressor, condenser, and expansion valve. In this unit, the evaporator
absorbs heat from the process air, causing the working fluid circulating
in the VCC cycle to evaporate (15 — 12). The working fluid then enters
the compressor, where its pressure and temperature increase (12 — 13).
The high-pressure, high-temperature working fluid enters the condenser
to release its heat to the regeneration air and condenses (13 — 14).
Finally, pressure and temperature of the working fluid are reduced by
the expansion valve, allowing it to return to the evaporator conditions
(14 - 15).



K.N. Cergi et al. Cleaner Engineering and Technology 23 (2024) 100818

Thermal Energy

Storage Tank
20 21 Electricity
16 1 Heat Pump Cycle
%
SOFC ’ Y Air cycle
() Storage Cycle
19 _—>
N 4
A 4
X
Intake Fan Evaporator
1 2\ 2 3 4 2N\ 5
% > > M
Sy 17 18 \/ 3 Office
Condenser 6
L7
Q 11 10 N 9 8 /\ i
<
"~ M\

Exaust Fan Auxiliary
Desiccant Heater Rotary Heat
Wheel Exchanger
13 12
Compressor
14 15

P><

Expansion Valve

Fig. 1. Schematic view of the proposed system

1: outdoor ambient air conditions8: regeneration air entering the condenser15: refrigerant entering the evaporator

2: process air entering the DW9: regeneration air entering the auxiliary heater 16: waste heat from SOFC

3: process air entering the RHX 10: regeneration air entering the DW17: water entering the auxiliary heater

4: process air entering the evaporator 11: regeneration air from the DW18: water from the auxiliary heater

5: process air entering the office room12: refrigerant entering the compressor19: outlet from TES unit in charged process

6: indoor ambient air conditions13: refrigerant entering the condenser20: inlet to TES unit in charged process

7: regeneration air entering the RHX14: refrigerant entering the expansion valve21: outlet from TES unit in discharged process.

3. Modelling
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Table 1

The main input data for cooling load calculations.
Parameter Value Units
Roof U-Value 0.48 W/m?K
Ground U-Value 0.30 W/m?K
External Wall U-Value 0.32 W/m?K
Windows U-Value 2.7 W/m?K
Doors U-Value 0.070 W/m?K
Occupancy 18.6 m?/person

3
Summer

[
wn

L8]

—

Total Cooling Loads (kW)
Q —

76 176 276 77 177 277 68 168 268 5.9
Days

Fig. 3. Total cooling load of the office building for the months of sum-
mer season.

3.1. System formulations

Many researchers have developed models to account for the effects of
various parameters in order to calculate the output conditions of
desiccant wheel (DW) (Motaghian et al., 2021; Zendehboudi and Li,
2018). In this study, the multiple linear regression model developed by
Giizelel et al. (2021) for balanced flow was used. This model has higher
accurately predicts for output temperature and humidity of DW in
process air channel, making it a preferred choice in various simulation
studies (Cerci et al., 2024; Olmus et al., 2023). More detailed informa-
tion on the use of the model can be found in the literature (Cerci et al.,
2024; Giizelel et al., 2021). Silica gel was selected as the desiccant
material, the dimensions of the DW were assumed to be 440 mm x 200
mm with a rotation speed of 12 rev/h. Additionally, energy and mass
balance equations were used to calculate the regeneration air conditions
exiting the DW (Egs. 1 and 2) (Glizelel et al., 2022).

My (w2 — w3) =My (w11 — W10) (@)
my(hs — hy) =myo(hio —h11) 2

To reduce the cooling load on the evaporator, a gas-to-gas rotary-
type heat exchanger was used (Kays and London, 1984);

Qrexx =M36p3(T5 — Ts) =y (Ts — T7) 3
Qrux = ERHXQmax,RHx 4

Where, egpx was assumed to be 0.85 in this study (Song and Sobhani,
2020). The efficiency for the fans is assumed to be 0.8 (Cerci et al., 2024;
Tian et al., 2022). The maximum possible heat transfer rate was calcu-
lated using Eq. (5) (Kays and London, 1984).

Quaxrix = Cuninriix (T3 — T) ()
Cmin,RHX = me (6)

Where Cpin,rux is the minimum of capacitance rate of hot and cold
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fluids. Both sensible and latent heat transfer occur in the evaporator to
achieve comfort conditions (De Antonellis et al., 2012; Ozturk et al.,
2020).

Qes =14Cpa(Ts — Ts) @
Qo =1itghy (T4 — Ts) )
Q=Q.;+ Q. ©)

It is assumed that there is 10 °C temperature difference between the
evaporating temperature and the air exiting the evaporator to cool the
process air, and 3 K temperature difference for superheating (Erdinc,
2023; Kutlu et al., 2019).

Q. =mus(hiz — his) (10)

In this study, the desired dry bulb temperature of the indoor air was set
to a constant value of T = 26 °C, and the amount of air to be supplied to
the building (ms) was calculated using Eq. (11). Then, the indoor hu-
midity ratio (wy) was obtained from Eq. (13) (Olmus et al., 2023).

Q.. =ms(hs —hs) an
Qc.sen = mSCp,avg(TG - TS) (12)
Q. =mshg(ws — ws) 13)

It is assumed that the throttling process in the expansion valve, the
other component of the VCC unit occurs isenthalpically (h;4 = his)
(Yilmaz and Erding, 2019). For calculating the compressor power con-
sumption, the isentropic and mechanical efficiencies of the compressor
were assumed to be 0.8 and 0.95, respectively (Ozturk et al., 2020).

Wcomp = Tfl12 (h13 - h12) (14)

Weomp

Wcomp,el = (1 5)

is"Imec
Egs. 16 and 17 were used to calculate the condenser load and the
temperature of the air exiting the condenser. It was assumed that there is
10 °C temperature difference between the condensation temperature
and the regeneration heat for the air exiting the condenser, and 3 K
temperature difference for subcooling (Kutlu et al., 2019; Ozturk et al.,
2020).

Qeong =13 (huz — hua) (16)

Quona =13 (o — hg) a7)

When the condenser load is insufficient to reach the required
regeneration temperatures, an auxiliary heater is activated. Eqs. 18 and
19 were used to determine the capacity of the auxiliary heater and the
required hot water flow rate (Giizelel et al., 2022).

Qreq = QRAH - Qcond (18)
Qreq =1M16Cp w(T17 — Ths) (19)

Where, Qgay is the total amount of heat that needs to be transferred to
the regeneration air from the condenser and the auxiliary heater, and it
is calculated using Eq. (20).

Qran =g (h1o — hs) (20)

The total electricity consumption of the desiccant hybrid cooling
system includes the compressor, fans, water pump, and other auxiliary
equipment. The electricity consumption required by the system was
supplied by the SOFC using human waste as fuel. In this study, a self-
sustaining SOFC unit utilizing human waste as fuel, as described in
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the literature, was used as a basis (Liu et al., 2014). The net electrical
efficiency value (nne = 0.1168) was used to calculate the electricity
produced by the SOFC unit for different processes. In addition to elec-
tricity generation, SOFC units also produce significant amounts of heat.
The thermal efficiency value (n, = 0.4499) was used to calculate the
amount of waste heat produced by the SOFC unit. It was assumed that
the maximum operating capacity of the SOFC is 8.84 kW, the same as the
SOFC capacity studied by Liu et al. (2014). The amount of electricity
(W,.) generated by the SOFC for the cooling system and the required
amount of syngas (m;) are presented in Egs. 21 and 22 (Liu et al., 2014).

Whe = Wsorc (21)
~ Waore
Mnet = Tfls LHVS (22)

where, LHVs is the lower heating value of the fuel, assumed to be 12.2
MJ/kg (Liu et al., 2014).

The amount of waste heat released during electricity generation by
the SOFC was calculated using Eq. (23) (Kuo et al., 2020; Pan et al.,
2022).

Qur = Wisorc 1y (23)

The TES tank has a diameter of 1 m and a height of 1.9 m in simu-
lations. The TES unit is considered a fully mixed water tank containing
1488 kg of water. In the analysis, it was assumed that the initial tem-
perature of the water in the TES unit was 20 °C and that the flow control
was managed to keep the temperature below 95 °C (Duffie and Beck-
man, 1980; Fong and Lee, 2019). The average temperature of the water
in the TES unit was calculated using Eq. (24).

At : B
T; = Tw + [Qh.r - Qreq - (UA)w(Tw - To)] (24)

(7o)

where Ty, is the average temperature of the stored water (°C) in TES unit,
T ", is the average temperature of the stored water in the next hour (°C)
in TES unit, At is time difference (h), m,, is mass flow rate of water (kg/
s), ¢p,w is specific heat capacity of water (J/kg°C), U is overall heat
transfer coefficient (W/m2°C), and A is heat transfer surface area (m2).

The required solid waste during electricity generation by the SOFC
was calculated using Eq. (25) (Kuo et al., 2020; Pan et al., 2022).

ng LHV,
Hpg = L (25)
| ms LH Vx.w + Wp

where, 1, is the efficiency of the plasma gasifier (0.5), LHV;  is the

lower heating value of the solid waste (19 MJ/kg), and Wp is the elec-
trical energy consumed for plasma gasification.

3.2. Performance parameters

The performance parameters of the examined system include the
ratio of the total building load to the thermal energy requirement
(COPy), the electrical energy requirement (COP.)) and the total per-
formance coefficient (COPy) in Egs. (26)-(28) (Olmus et al., 2023).
Additionally, the dehumidification effectiveness, which is the perfor-
mance indicator of the desiccant wheel, are calculated using Eq. (29)
(Cerci et al., 2024).

COPy, = .Q“ (26)
RAH
COP, = (.2“ 27)

req
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COP, = Qe (28)
QRAH + Ereq
Epw = W2 — W3 (29)
(]

Where, Ereq is the difference between the electrical energy requirement
needed by the system and the electricity supplied to the system. The net
thermal energy consumption of the system (Q,) is calculated using Eq.
(30).

Qrarn=Q" + Que (30)

If heat production exceeds heat consumption, Q,,, will be negative.
Since the cooling system requires both thermal and electrical energy, it
is more appropriate to determine the primary energy consumption to
evaluate the system’s total energy consumption. The primary energy
(PE) of the system is calculated using Eq. (31) (Fong et al., 2010).

— % + Eﬁ
Nin et

PE 31

where, ng, and 1 are taken as 0.9 and 0.38, respectively.
4. Results and discussion

In this study, the performance parameters of a desiccant cooling
system powered by a SOFC during the summer season were examined.
The analysis assumed the integration of an existing SOFC unit, which
uses human waste as fuel (Liu et al., 2014), into a desiccant hybrid
cooling system. In the designed hybrid cooling system, the changes in
the performance parameters of the cooling system and the required
amount of syngas by the SOFC were determined for three different re-
frigerants (R717, R1233zd(E), and 1234ze(Z)), which have recently
attracted the attention of many researchers. Additionally, the amount of
solid waste (human waste) required to produce the syngas was also
determined. The Engineering Equation Solver (EES) software, which can
analyze by establishing a relationship between the thermophysical
properties of humid air and the refrigerant, was used in the analyses
(Klein, 2012).

4.1. Evaluation of system energy requirements during summer period

In Fig. 4, the total compressor power consumption and cooling load
of the desiccant hybrid cooling system using different refrigerants dur-
ing the summer season are presented. During June, the compressor
power consumption was lower compared to the rest of the summer due
to the lower cooling load. The highest compressor power consumption
was on August 19, corresponding to the cooling load variations. The
total compressor power consumption for the entire summer season with
R1234ze(Z) was 507.60 kWh, which is 3.98% and 3.45% lower
compared to the scenarios using R717 and R1233zd(E) refrigerants,
respectively. Fig. 5 shows the comparison of the pressure-enthalpy (P-h)
diagrams of the refrigerants for two different days with varying outdoor
conditions (June 13 and August 19). Since the critical temperature of
R1234ze(Z) is higher than that of R717, the compressor power con-
sumption is lower. Additionally, the saturation slopes of R1234ze(Z) are
steeper compared to those of R1233zd(E). This causes the refrigerant to
enter the evaporator at lower qualities and higher heat transfer occurs
throughout the evaporation process (via phase change). This explains
why the compressor power consumption is lower when using R1234ze
(Z) compared to R1233zd(E). Another notable result is that although the
overall compressor power consumption with R1233zd(E) was slightly
lower than with R717, on days with very high temperature and humidity
ratio (Toutdoor > 26 °C and ®outdoor > 16 gw/kgda), the compressor power
consumption with R1233zd(E) was slightly higher than with R717. As
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Fig. 4. Daily total compressor power consumption for June (a), July (b), and
August (c) respectively.

the ambient temperature and humidity rise, the temperature difference
between the condenser and the evaporator also increases. When the
temperature difference between the condenser and the evaporator ex-
ceeds 57.60 °C in the system using R1233zd(E) refrigerant, the perfor-
mance parameters deteriorate compared to the desiccant hybrid cooling
system using R717 refrigerant. The saturation slopes of R1233zd(E) are
more horizontal compared to R717 (Fig. 5). Consequently, when the
temperature difference between the evaporator and condenser exceeds
57.60 °C, the quality of the refrigerant entering the evaporator increases
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(c) refrigerants.

more for R1233zd(E) than for R717. This increase necessitates a higher
mass flow rate of the refrigerant in R1233zd(E) compared to R717 to
meet the same evaporator load. This rise in the mass flow rate of the
refrigerant also results in a greater increase in compressor power
consumption.

The condenser load varied proportionally with the compressor
power consumption (Fig. 6). The highest condenser load was obtained
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for R717, which had the highest compressor power consumption, while
the lowest condenser load was for R1234ze(Z), which had the lowest
compressor power consumption. Due to the lower cooling load in June
compared to other months, the heat rejected from the condenser was
insufficient to meet the required Regeneration Air Heating (RAH) load
(Figs. 4 and 6). On days with high cooling loads (mostly in the second
half of July and mid-August), the amount of heat rejected from the
condenser was sufficient to meet the required RAH load. On these days,
the heat rejected from the condenser fully met the RAH load, eliminating
the need for an auxiliary heater (Figs. 6 and 7). Throughout the cooling
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season in summer, the auxiliary heater wasn’t needed for a total of 10
days.

Fig. 8 presents the total daily energy consumption of the proposed
system. Since the total power consumption of the proposed system
varied with the cooling load, it followed a trend similar to the total
compressor power consumption (Figs. 4 and 8). The lowest power
consumption was achieved by the cooling system using R1234ze(Z). The
total power consumption for the cooling system using R1234ze(Z)
during the summer season was found to be 704.60 kWh, which was
2.91% and 2.51% lower than the systems using R717 and R1233zd(E)
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refrigerants, respectively.

4.2. Evaluation of energy production rates of SOFC during summer period

Fig. 9 presents the daily variation of the total net electric energy
produced by the SOFC for use in the proposed system during the summer
season. Since the proposed system with R1234ze(Z) had the lowest total
energy consumption, it required the least amount of net electric energy
production from the SOFC. The total electric energy produced for the
proposed system with R1234ze(Z) reached a total of 577.10 kWh during
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Fig. 9. Daily total net electricity production rate of SOFC for June (a), July (b),
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summer period. This shows that during the summer period, the current
electricity production of SOFC covered 82.00% of total electricity con-
sumption of the cooling system. The remaining electricity demand,
exceeding the capacity of the SOFC, was supplied from the electrical
grid. Due to the higher energy consumption in systems using R717 and
R1233zd(E), these systems required 1.20% and 0.90% more energy
production, respectively, compared to the system with R1234ze(Z). The
SOFC capacity required to meet the desired total daily electric produc-
tion during summer period is shown in Fig. 10. The lowest SOFC ca-
pacity was obtained in June due to the lowest electricity demand, while
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the highest SOFC capacity was needed in July (Fig. 10-a and b). A lower
SOFC capacity was sufficient for the hybrid system using R1234ze(Z)
compared to the others.

Significant amounts of waste heat are also generated during elec-
tricity production in SOFC units. During the summer, on days when the
cooling load was low, the electricity demand met by the SOFC and the
waste heat produced as a result were also lower compared to other days
in the summer period. Nonetheless, the waste heat released from both
the condenser and the SOFC was sufficient to meet the necessary
regeneration air heating demand, and there was no need to activate an
additional electric heater (Figs. 6 and 11). In the system using R1234ze
(Z), the lower electric energy requirement led to less waste heat
production.
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4.3. Evaluation of the amount of fuel needed for SOFC and disposal of
human waste during the summer period

The energy demand of the desiccant hybrid cooling system was met
by the SOFC, which uses human waste as fuel. Fig. 12 exhibits the
variation of the syngas needed to meet the SOFC capacity throughout the
summer period. As mentioned in previous sections, the lowest syngas
consumption occurred in June when the cooling load was lowest, and
the highest syngas consumption occurred in July when the cooling load
was highest. Due to the lowest energy consumption and SOFC capacity
requirement, the lowest fuel consumption was observed in the hybrid
system using R1234ze(Z). The total syngas consumed during the sum-
mer period was determined to be 12.63 t for R717, 12.59 t for R1233zd
(E), and 12.48 t for R1234ze(Z).

To obtain syngas, the solid fuel undergoes a plasma gasification
process. Therefore, this study also determined the amount of solid waste
required to produce the desired syngas (Fig. 13). In June the solid waste
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Fig. 12. Daily total syngas needed for SOFC for June (a), July (b), and August
(c) respectively.

requirement was also the lowest, while in July the solid waste require-
ment was the highest. During the summer period, in the case of using the
refrigerant R1234ze(Z) the total solid waste requirement reached 15.77
t. This is 1.19% and 0.90% lower compared to the cases of using R717
and R1233zd(E), respectively. Therefore, due to the relatively lower fuel
consumption requirement in R1234ze(Z), solid waste was used more
efficiently.
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4.4. Performance parameters of the system

Fig. 14 shows the variation of the COPg of the desiccant hybrid
cooling system throughout the summer period. The month with the
highest COPg, due to the lowest cooling load, is June. This is because the
lowest electricity consumption occurred during this period. The average
COP, for R1234ze(Z) was 2.05, which is 3.14% and 2.40% higher than
the systems using R717 and R1233zd(E), respectively. Higher COPy, was
achieved at lower cooling loads, while lower COPth was obtained on
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days with higher cooling loads (Fig. 15). For the system using the
refrigerant R1234ze(Z), it was concluded that relatively lower regen-
eration air temperatures were sufficient, leading to relatively higher
COPy;, and the average COPy, was 0.53. According to the variation of the
COP; performance parameter, it was found that, similar to the previous
performance parameters, high values were obtained on days with low
cooling loads, and low values were obtained on days with high cooling
loads (Fig. 16). Like the other performance parameters, the highest COP,
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11

was obtained for the cases using the refrigerant R1234ze(Z) and the
average was 0.42 for COP;. In Fig. 17, the variation of the epy, which
represents the dehumidification performance of the DW, one of the
system’s most important components, and the cooling load throughout
the summer period is presented. The cooling load generally varies in
direct proportion to the outdoor temperature and humidity. When the
cooling load increased, the epw decreased, and when the cooling load
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decreased, the epyw increased. This indicates that the cooling load and
the outdoor temperature and humidity, which the cooling load depends
on, have an effect on epy. The use of refrigerants had very little impact
on epw, and the lowest epyw values were obtained for R1234ze(Z). For
R1234ze(Z), the lowest compressor power consumption and conse-
quently the lowest condenser capacity were achieved (Figs. 4 and 6).
This resulted in lower regeneration heat being released, leading to
reduced moisture transfer in the DW where lower regeneration heat was
applied.
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4.5. Primary energy consumption

In some part of June, it is observed that the electricity generated by
the existing SOFC is mostly sufficient for the desiccant hybrid cooling
system (Fig. 18). However, for most of the remaining summer days, the
electricity demand exceeds the capacity of the existing SOFC unit,
necessitating additional electricity from the grid. During the summer
period, the system using the refrigerant R1234ze(Z), which has the
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Fig. 18. Daily total electricity needed for desiccant hybrid cooling system for
June (a), July (b), and August (c) respectively.

lowest energy consumption, requires the least additional electricity.
This results in a savings of 9.97% and 9.23% in additional electricity
compared to the systems using R717 and R1233zd(E), respectively.

It is clearly evident that there is excessive heat production on days
when cooling is needed during the summer months (Fig. 19). The pri-
mary purpose of the SOFC unit is to generate electricity. However, while
producing electricity, the SOFC also generates a significant amount of
waste heat. The analyses indicate that the amount of heat produced by

13

Cleaner Engineering and Technology 23 (2024) 100818

0 'I |_| [} [} [} ] I_I
-9
=18
Z
.6-27
-36
[ mR717 =RI233zd(E) mRI234ze(2) | (a)
-45
11.6 14.6 17.6 20.6 23.6 26.6 29.6
Days
0 ”
-9
=
5 -18
o127
-36
[ ®R717 =RI233zd(E) mRI1234ze(Z) | (b)
-45
1.7 47 7.7 10.7 13.7 16.7 19.7 22.7 25.7 28.7 31.7
Days
M
-9 “
=
5-18
27
-36
[ WR717 =R1233zd(E) mRI1234ze(Z) | (c)
-45
1.8 48 7.8 10.8 13.8 16.8 19.8 22.8 25.8 28.8 31.8

Days
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the SOFC during the summer exceeds the regeneration heat required by
the hybrid desiccant cooling system, leading to substantial surplus waste
heat. The lowest waste heat during the summer period is obtained for
R1234ze(Z), which has the lowest electricity consumption. This is
explained by the fact that the existing SOFC unit operates at a lower
capacity, resulting in less waste heat production. Fig. 20 exhibits the
temperature variation of the water in the TES unit, which is supplied by
the increasing waste heat, for the system using R1234ze(Z) throughout
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the summer period. To meet the hot water needs for human use, the
temperature of the water in the TES unit reached the desired levels
(40 °C and above) on June 16th (98 h after the system started). The
desired temperatures for using the hot water in the TES unit to balance
the regeneration air were reached on June 20th (185 h after the system
started), and for the remainder of the period, the temperatures were
mostly maintained for balancing the regeneration air. This surplus waste
heat in storage TES unit also can be utilized in additional processes such
as water heating or laundry drying.

Negative values in primary energy consumption indicate that total
heat and electricity production of the system exceeds its consumption
(Fig. 21). The amount of electricity produced by the existing SOFC didn’t
caused the primary energy consumption to drop into the negative
because it fully or partially met electricity needs of the cooling system
(Fig. 18). However, the SOFC produced more waste heat than needed to
generate the desired electricity (Fig. 19). The lowest primary energy
consumption was achieved when using R717, which had the highest
electrical energy consumption. This is due to its higher demand for
electricity and the fact that the SOFC generates more heat energy
compared to its electrical energy production. This resulted in the lowest
primary energy consumption rates compared to the others. However,
since the system has the highest electrical energy consumption and
consequently the highest fuel consumption when using R717, it is more
suitable to prefer R1234ze(Z) over R717.

Finally, this study compared the primary energy consumption of the
system using R1234ze(Z), which has the best performance parameters
and consequently the lowest fuel consumption, with and without the
SOFC (Fig. 22). In the case without SOFC, it is assumed that natural gas
is used to reach the desired temperatures for regeneration air and
electricity of the system is supplied from the grid. There is a significant
difference (3984.56 kWh) between the primary energy consumption of
the desiccant hybrid cooling system operating in combination with the
SOFC and without it during the summer period. This energetically
demonstrates that desiccant hybrid cooling systems can be used in
different configurations with increased future feasibility of SOFC.

Overall, the combination of the SOFC unit, which uses human waste
as fuel, with the desiccant hybrid cooling system has provided the
following advantages.

e There is no need for additional thermal energy, as the amount of
waste heat generated by the condenser and SOFC is sufficient for
required regeneration heat of the system.

e The electricity consumption from the grid is reduced, as the existing
SOFC system meets a significant portion of the energy demand.

e The system reduces dependency on fossil fuels by using biogas, a
renewable energy source.

e The proposed system allows for the utilization of human waste as
fuel, offering both the opportunity to meet energy needs and the
disposal of these wastes from the environment.

The main disadvantage of the system is that the LHV of human waste,
used as fuel, is lower compared to fossil fuels such as natural gas, gas-
oline, or diesel. As a result, more fuel consumption is required.

5. Conclusions

This study examined the effects of the combined operation of a
desiccant hybrid cooling system with an SOFC unit, which uses human
waste as fuel, on performance parameters of the system. The following
results were obtained within this scope.

e The total compressor power consumption for the entire summer
season with R1234ze(Z) was 3.98% and 3.45% lower compared to
the cases using R717 and R1233zd(E) refrigerants, respectively.
Additionally, except for days with very high ambient temperature
and humidity, the compressor power consumption of R1233zd(E) is
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slightly lower than that of R717. The total energy consumption of the

desiccant hybrid cooling system has also shown a similar trend to the

compressor power consumption during summer season.

The heat rejected from the condenser was insufficient to meet the

required Regeneration Air Heating (RAH) load in June. However, on

days with high cooling loads, the amount of heat rejected from the
condenser was sufficient to meet the required RAH load. Therefore,
on these days, the heat rejected from the condenser fully covered the

RAH load, eliminating the need for an auxiliary heater.

During the summer period, the existing electricity production from

the current SOFC unit met 82.00% of the total electricity consump-

tion of the desiccant hybrid cooling system. Additionally, a signifi-
cant amount of waste heat is generated during electricity production
in SOFC units.

e The total syngas consumption during the summer period was
determined to be 12.48 tons for R1234ze(Z). Consequently, the total
solid waste requirement reached 15.77 tons. This is 1.19% and
0.90% lower compared to the cases where R717 and R1233zd(E)
were used, respectively.

e The highest COP] among the refrigerants was found to be in the
system using R1234ze(Z), with an average COP, of 2.05. This is
3.14% and 2.40% higher than the systems using R717 and R1233zd
(E), respectively. Additionally, the other COPs considered in this
study, COPy, and COP;, were also highest in the system using
R1234ze(Z).

Nomenclature

A area (m)

Cp specific heat (kJ/kg)

m mass flow rate (kg/h)

E Electrical energy rate (kW)
h specific enthalpy (kJ/kg)
P pressure (kPa)

AP pressure drop (kPa)

0 heat transfer rate (kW)

T temperature (°C, K)

% power consumption rate (kW)
Greek symbols

€ effectiveness (—)

humidity ratio (gw/kgda)
efficiency (% or dec.)
latent heat evaporation (kJ/kg)

> = g
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e The results showed that during a part of June, the electricity pro-
duced by the existing SOFC was mostly sufficient for the desiccant
hybrid cooling system. However, on most of the remaining summer
days, the electricity demand exceeded the capacity of the existing
SOFC unit, necessitating additional electricity from the grid.
Compared to the systems using R717 and R1233zd(E), it was
determined that the system using R1234ze(Z) achieved additional
electricity savings of 9.97% and 9.23%, respectively.

The SOFC unit produces more waste heat than electricity. Since R717
has a higher electricity demand and consequently higher syngas
consumption compared to the others, it resulted in the highest waste
heat production. The greater amount of waste heat compared to the
others led to R717 having the lowest PE. However, considering fuel
and electricity consumption, R1234ze(Z) provided better results.
Additionally, it was found that there is a significant difference in
primary energy consumption between the desiccant hybrid cooling
system operating in combination with the SOFC and the system
operating without the SOFC during the summer period.

The proposed system has the potential to reduce dependence on
fossil fuels by using biogas, a renewable energy source, and enables the
reuse of human waste, allowing for the disposal of these wastes from the
environment. Future studies may include testing the system under real
climate conditions and validating the presented results.
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Subscripts

aux auxiliary

o outdoor ambient

p process

pa process air

r regeneration

ra regeneration air

RHX rotary heat exchanger

is isentropic

mec mechanic

ot total cooling

e evaporator

cond condenser

comp compressor

comp,el compressor electricity consumption
sen sensible

1 latent

t total

th thermal

el electrical

RAH regeneration air heating
reg regeneration

req requirement

n,el net electricity

s syngas

SOFC solid oxide fuel cells

S,W solid waste

h heating

h,r heat recovery

h,w hot water

p plasma

P8 plasma gasifier

w water

Abbreviations

COP coefficient of performance
VCC vapor compression cooling unit
DAC desiccant air cooling unit
DW desiccant wheel

SOFC solid oxide fuel cells

RAH regeneration air heating
PE primary energy consumption
TES thermal energy storage unit
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