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Abstract

This paper presents a control strategy for a combined cooling and power (CCP) system using a prime mover of solid
oxide fuel cell (SOFC) with bottoming cycle of gas turbine (GT) for building application. Dynamic simulation model
of the CCP system was developed in TRNSYS 17, and the control strategy was developed for year-round operation in
response to the changing climatic and loading conditions. The capacity ratio of cells in operation; the ratio of exhaust
heat delivered to GT; and the ratio of cooling load shared between absorption and compression chillers were chosen as
the decision variables in the control strategy. In order to minimize the system energy consumption, particle swarm
optimization (PSO) was constructed in MATLAB and coupled with TRNSYS 17 for control optimization. It was
found that with the proposed control strategy, the yearly energy saving of the SOFC-GT CCP system would be 6.89%
compared to the reference case.

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the scientific committee of the 8th International Conference on Applied Energy.

Keywords: SOFC; Gas turbine; Combined cooling and power; Particle swarm optimization; Control optimization.

1. Introduction

Combined cooling and power (CCP) system has been proven to be an energy-efficient approach for providing cooling
and electricity in building application [1-3]. Solid oxide fuel cell (SOFC) is a high-temperature prime mover with
electrical efficiency above 40% and operating temperature around 1000 °C [4]. Bottoming cycle such as gas turbine
(GT) can be energized by the high-grade waste heat from the exhaust flue gas of SOFC and used for additional
electricity generation. After the bottoming cycle, the hot exhaust can still be used to drive absorption chiller for
cooling generation. This would enhance both electrical and overall efficiencies of the CCP system. However, previous
studies only focus on the system design and performance analysis, no control optimization was implemented for the
year-round dynamic operation.

In the SOFC-GT CCP system investigated, SOFC and GT would share the electrical load, while two types of chillers,
the absorption and compression chillers would share the cooling load. Since electrical efficiency of GT and coefficient
of performance (COP) of both types of chillers decline in part load operation, it leads to a complex interaction among
the prime mover, the bottoming cycle and the chillers in the changing building loads. Therefore, it is worth developing
a control strategy to optimize the electricity and cooling load allocation, and ultimately minimize the energy
consumption of the entire CCP system. As such, the objectives of this study are to develop an appropriate control
strategy for operation optimization of the SOFC-GT CCP system, also to evaluate the effectiveness of the proposed
system for building application from a year-round perspective.

2. Development of system model and control strategy
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Nomenclature

AbC  Absorption chiller C Capacity (kJ-h™") in Inlet

CCP  Combined cooling and power D Demand (kJ-h') is Isentropic

CoC  Compression chiller E Energy (kJ) N Nominal

GT Gas turbine h Enthalpy (kJ-kg™") out Outlet

HX Heat exchanger m Mass flow rate (kg-h™!)

PSO Particle swarm optimization P Electrical power (kJ-h) v Ratio of specific heats

SOFC  Solid oxide fuel cell r Expansion ratio n Electrical efficiency
T Temperature (°C)
X Heat ratio

The system model of SOFC-GT CCP was built on the component-based dynamic simulation platform TRNSYS 17 [5]
and coupled with MATLAB [6], which contained the developed control strategy to minimize the yearly energy
consumption of the CCP system.

2.1 System configuration

Fig. 1 shows the schematic design of the SOFC-GT CCP system, which was used to serve a 30-storey reference office
building in the subtropical Hong Kong. The CCP system was mainly composed of a cluster of SOFC, a GT, pre-
heaters, an air compressor, a fuel compressor, a reformer, a heat exchanger (HX), a burner, an absorption chiller
(AbC), a compression chiller (CoC), an auxiliary air heater and the associated parasitic equipment. The building zone
was served by air handling unit containing supply air fan and coil.

In the SOFC-GT CCP system, fuel and air were compressed, pre-heated and pre-reformed in fuel compressor, air
compressor, pre-heaters and reformer, respectively. After that, fuel reacted electrochemically with air in the SOFC to
generate electricity to the building zone. The unreacted fuel was burnt in the burner and the hot exhaust flue gas was
used to supply heat for reformer and pre-heaters before passing to the GT. The hot exhaust after the bottoming cycle
would pass to HX in which hot water was delivered to energize the absorption chiller. The compression chiller was
adopted to supplement the total cooling capacity. Auxiliary air heater was used to provide heat to the absorption chiller
when the exhaust heat from bottoming cycle was not enough. Typical operating temperatures of the SOFC-GT CCP
system are also presented in Fig. 1.

In order to demonstrate the effectiveness of the SOFC-GT CCP system, two reference systems were constructed: the
SOFC CCP system and the sole SOFC system. The SOFC CCP system was similar to the SOFC-GT CCP system, the
only difference was no bottoming cycle of GT and the exhaust flue gas after the pre-heaters would directly pass
through the HX. Therefore, electricity load was solely provided by SOFC in the SOFC CCP system. Another reference
system, the sole SOFC system, was similar to the SOFC CCP system, except that the air compressor, the fuel
compressor, the HX, the absorption chiller and the associated parasitic equipment were not included. In other words,
the sole SOFC system was simply used to generate electricity for the building, and the cooling load was fully provided
by the compression chiller in a conventional way.

2.2 GT model

The isentropic efficiency of GT is a function of the mass flow rate and it decreases in part load operation. An
empirical equation from [7] was used in this study, and the thermodynamic model of GT was built as follows:

His,GT = (hin,GT - h()ut,GT) / (hin,GT - huut,.\',GT) (1)
Tours.cr = TinGr (I/r)(y-l)/y (2)
Por=magr (hin,cr — houw,c1) (3)

where #ni,6r is the isentropic efficiency, fi,or and houcr are the inlet and outlet turbine enthalpies (kJ-kg™!),
respectively, houscr is the outlet enthalpy assuming isentropic expansion (kJ-kg'). Tier is the inlet turbine
temperature (°C), Tou s cr is the outlet temperature assuming isentropic expansion (°C), r is the expansion ratio, and y
is ratio of specific heats of combustion gases. Pgr is the electrical power of GT (kJ-h™!), and mgr is the mass flow rate
of combustion gases in GT (kg-h™).

Nominal input heat rate is defined as the input heat rate at full load, and input heat ratio x is defined as the operating
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Fig. 1. Schematic design of the SOFC-GT CCP system.
input heat rate to the nominal input heat rate as:
X = Qinc/On 4)

where Qmer and Oy are the operating and nominal input heat rates of GT (kJ-h'), respectively. With the
thermodynamic model of GT, the correlation between x and Pgr can be calculated as:

Pgr=-0.0064x* + 0.014x> — 0.0071x* + 0.001x — 107 (5)

2.3 Details of other component models

In this study, the SOFC model introduced in [8] was used, it was assumed that the SOFC worked at constant voltage
and electrical efficiency. The manufacturing data of absorption chiller and compression chiller were based on [9].
Each chiller was equipped with the corresponding chilled water pump, cooling water pump and cooling tower.
Methane was used as fuel for both the SOFC and the auxiliary air heater. It was also assumed that the air compressor,
the fuel compressor, the pre-heaters, the reformer, the burner and HX operated at constant efficiencies. The reference

office building had 30 stories with area of 200 m?*/floor. The building zone was developed according to the details
covered in [9].

24 Formulation of control strategy
2.4.1  Objective function

Total energy consumption was chosen to develop the objective function. Since the fuel methane was only supplied to
the SOFC and the auxiliary air heater, the total energy consumption £ (kJ) can be calculated as:

E = (Osorc + Qan) At (6)

where Qsorcand Quu are energy consumption rates of SOFC and auxiliary air heater, respectively (kJ-h'), At is the
time step (h).

2.4.2  Decision variables
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There were three decision variables (or optimization variables) in this optimization problem for the SOFC-GT CCP
system, namely the capacity ratio of cells in operation a, the ratio of exhaust heat delivered to GT b, and the ratio of
cooling load shared between absorption and compression chillers ¢. These decision variables are developed as follows:

a = Csorc/Csorcn (7
Qin,GT = b (QSOFC - CSOFC - Qpre-heater_ Qr(//i)rmer) (8)

where Csorc and Csorcy are the hourly operating and nominal capacities of SOFC (kJ-h™'), respectively. Qpre-hearer iS
the total heat consumption of the three pre-heaters. Qyeformer is the heat consumption of reformer.

Capc=(1-¢)D 9
Ceoc =cD (10)

where D is the hourly cooling demand (kJ-h'). Cusc and Ceoc are operating hourly cooling capacity of absorption
chiller and compression chiller, respectively (kJ-h™').

2.4.3 Constraints

The constraints consisted of the indoor condition, the bounds of decision variables and the energy balance
relationships. The indoor condition is to maintain the dry-bulb air temperature not higher than 26 °C. For the decision
variables a, b and c, their bounds € [0,1]. The energy balance relationships cover the balance between the electricity
supply of SOFC-GT and the building electricity demand as reflected in Eq. (11); while the balance between the heat
consumption of absorption chiller and the heat supplies from the exhaust flue gas and the auxiliary air heater as
indicated in Eq. (12):

CSOFC + CGT = Plight + Plift + quf-equip + PCUC + Pair—camp + Pjhel-cr:mp + Ppara-equip (1 1)

where Piighi, Piifi, Poftequips Pcoc, Pair-omp, Phiel-comp A0d Ppara-equip are hourly electricity consumption of lighting, lift, office
equipment, compression chiller, air compressor, fuel compressor, and parasitic equipment (like pumps, fan, cooling
tower, etc.) respectively (kJ-h™"). Cgris the hourly operating capacity of GT (kJ-h™).

Ouvc = nax (Osorc — Csorc — Cay) + urr Qan (12)

where nux and 74y are efficiencies of the HX and the auxiliary air heater, respectively. Quscis the heat consumption of
absorption chiller (kJ-h™").

2.5 System parameters

The major parameters used for the CCP system design and PSO are given in Table 1. The other parameters were set
according to [9].

Table 1. System design and PSO parameters.

Parameter of CCP system Value Parameter of PSO Value
Electrical efficiency of SOFC (%) 44 Population size 100
SOFC voltage (V) 0.73 Maximum number of iterations 100
Expansion ratio of GT 7 Cognitive parameter 1
Efficiency of pre-heater (%) 98 Social parameter 3
Efficiency of reformer (%) 90 Constriction factor 1
Efficiency of air/fuel compressor (%) 93

Efficiency of auxiliary air heater (%) 98

Efficiency of HX (%) 98

2.6 Solution method

Dynamic system simulation was conducted in a simulation time step of 1 h for one year (i.e. 8760 hours) by using
TRNSYS 17 and its component library TESS. In each time step, the three decision variables were optimized in order
to obtain the minimum energy consumption of the SOFC-GT CCP system and the reference SOFC CCP system. The
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weather data of typical meteorological year of Hong Kong was used. Particle swarm optimization (PSO) was adopted
since PSO is a robust algorithm in handling engineering problems [10]. PSO was constructed in MATLAB and
coupled with TRNSY'S 17 for this control optimization.

3. Results and discussion
3.1 Determination of capacities of SOFC, GT and chillers

The design capacity of SOFC was determined in a way that it was enough to satisfy the peak electricity and cooling
demands of the office building. Fig. 2 depicts the load profiles of design day, with the peak cooling load of 8.7x10°
kJ-h'' and the simultaneous electricity demand of 4.6x10% kJ-h'!. If the cooling demand was satisfied by either
absorption or compression chiller, and the electricity demand was fully provided by SOFC, then the nominal
capacities of SOFC, absorption/compression chiller were determined to be 6.3x10° kJ-h! and 8.7x10° kJ-h’!,
respectively. Meanwhile, the capacity of GT was 1.5x10° kJ-h'!, which was determined by the condition of exhaust
heat for full capacity operation of SOFC.
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Fig. 2. Electricity and cooling demands on design day. Fig. 3. PSO convergence in control optimization on design day.

3.2 Performances of control strategy

Fig. 3 illustrates the effectiveness of the control strategy to optimize the operation of SOFC-GT CCP system during
the peak cooling demand on the design day. It is seen that the PSO can determine the minimum energy consumption
effectively and the search convergence is found after about the 40 iterations. Fig. 4 summarizes the hourly results of
the decision variables a, b and ¢ of SOFC-GT CCP and SOFC CCP systems on the design day. It is seen that the
operating time for a of SOFC-GT CCP system set at 1 was less than that of SOFC CCP system. It was because part of
the electricity load could be supplied by GT in SOFC-GT CCP system. On the other hand, it is noted that b was
generally equal or close to 1 in SOFC-GT CCP system. This showed that it was preferable for GT to operate around
the full load condition due to its inherently low part-load efficiency. It is also observed that the operating time for ¢ of
SOFC-GT CCP system set at 1 was longer than that of SOFC CCP system. Actually, the yearly average values of ¢ of
SOFC-GT CCP and SOFC CCP systems were 0.910 and 0.629, respectively. It is because more electricity was
produced in SOFC-GT CCP system, hence the compression chiller could handle more cooling load rather than the
absorption chiller.
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Fig. 4. Decision variables of SOFC-GT/SOFC CCP systems on Fig. 5. Indoor temperature in office with SOFC-GT CCP
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3.3 Year-round performance analysis

With the implementation of the control strategy, it was found that the yearly energy consumption of the SOFC-GT
CCP system was 5.133x10'% kJ-year!. Compared to those of the two reference cases, 5.378x10'0 kJ-year'of the

SOFC CCP system and 5.513x10'° kJ-year™ of the sole SOFC system, the yearly energy savings of the SOFC-GT
CCP system would be 4.6% and 6.9%, respectively. By using GT as bottoming cycle, the overall electrical efficiency
of the SOFC-GT CCP system would be increased. Besides, since the compression chiller could share more cooling
load, it had better utilization, thus higher COP operation.

In order to demonstrate the effectiveness of control strategy implemented in the SOFC-GT CCP system, the year-
round profile of the indoor dry-bulb air temperature of the building zone is shown in Fig. 5. It is seen that the
temperature could be kept well below 26 °C, in particular the summer period between 2,881 and 6,552 hours (i.e. from
May to September in the subtropical Hong Kong). This shows that the control strategy is useful to deploy the prime
mover and the bottoming cycle, as well as the absorption the compression chillers, in providing electricity and cooling
for the office building.

4. Conclusion

In this study, a control strategy for the SOFC-GT CCP system was developed for office building application in the
subtropical climate. Dynamic simulation model was built in TRNSYS 17 and coupled with PSO in MATLAB for
control optimization. It was found that the yearly energy saving of the SOFC-GT CCP system would be 6.9% against
the sole SOFC system, as well as 4.6% against the SOFC CCP system. The 3 decision variables, the capacity ratio of
cells in operation; the ratio of exhaust heat delivered to GT; and the ratio of cooling load shared between absorption
and compression chillers, are useful in control optimization of the SOFC-GT CCP system.
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