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ABSTRACT OF THE THESIS

Integration of a Solid Oxide Fuel Cell with an Organic Rankine Cycle and Absorption Chiller for
Dynamic Generation of Power and Cooling for a Residential Application
By
Maryam Asghari
Master of Science in Mechanical and Aerospace Engineering
University of California, Irvine, 2017
Professor Jacob Brouwer, Chair
The residential sector is responsible for 20% percent of total U.S. emissions. Emissions from
the residential sectors can largely be traced to energy use in buildings. The demand for energy has
been on a steady rise despite limited accessibility of non-renewable resources. Solid oxide fuel
cells (SOFC) comprise an alternative technology which has high fuel to electricity efficiency, and
can be powered by renewably sourced fuels. In this study, the waste heat from the fuel cell is
captured and processed either through an Organic Rankine Cycle (ORC) to provide extra power
or absorption chiller (AC) to provide cooling for meeting the power and cooling demand of a
residence or community. A spatially resolved dynamic model was developed in Matlab/Simulink
to study dynamic characteristics of an SOFC system based on a previous model developed at the
National Fuel Cell Research Center. A dynamic model was developed for the ORC and AC in
Matlab/Simulink to study the dynamic characteristics of the combined system. This model was
then used to evaluate the performance of the system in terms of efficiency, capacity, and
dispatchability, based upon measured load profiles of residential buildings. Dynamic data from a
residential complex were used as an input to evaluate the dynamic system model. The SOFC was

capable of following the highly dynamic load with an average electrical efficiency of 46%. Seven

Xiv



present more power was produced through the ORC cycle with 10 % efficiency. The AC generated

an average 125 kW of cooling with an average COP of 1.08.
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1. INTRODUCTION

1.1. Overview

Resource availability and global warming are the two main concerns for the sustainability of
energy conversion in the future. The demand for energy has been on a steady rise despite limited
accessibility of non-renewable resources. For example, the world energy consumption is expected
to increase by around 40% between 2006 and 2030 [1], while a remarkable increase in greenhouse
gas emissions is also foreseen. For instance, from 1990 to 2007, the CO; equivalent emissions
increased by 17% in USA [2]. Therefore, finding more efficient energy systems is becoming more
vital than ever since the beginning of the industrial revolution. A high consumption of fossil fuels
and environmental deterioration has drawn many researchers’ attention to find more efficient
methods of energy conversion, and reducing greenhouse gas emissions as well as pollutants [3].
Also, the recent downward trend in the price of natural gas in addition to legislation aimed at
reducing greenhouse gas emissions have spurred increased interest in the development of
distributed power generation schemes [4]. The efficiency of conventional power plants that are
based on single conventional prime movers (e.g., combustion engines) is usually less than 39%.
Thus, most of the fuel energy is converted to heat, which may not be utilized. Integrating
subsystems into a conventional plant that captures and uses the exhaust heat for heating water,
generating steam, or producing chilled water (referred to as CCHP for Combined, Cooling, Heat,
and Power) could increase the plant efficiency to 80% [5][6].

Energy conversion systems in CCHP applications include internal combustion engines,
external combustion engines (e.g., Stirling engines), steam turbines, gas turbines, micro-turbines

and fuel cells. In other words, CCHP plants can be classified based upon the prime movers, heating



or cooling systems used, application type, or analysis type. However, what mainly distinguishes
one CCHP plant from another is the prime mover of the plant. Wu and Wang [7] performed an
extensive review of CCHP systems. This study shows that most CCHP systems use fossil fuel as
the primary energy input.

Fuel cells and hybrid fuel cell systems have emerged as advanced thermodynamic systems
with great promise in achieving high energy conversion efficiency with low environmental
impacts. Pollutant and greenhouse gas (GHG) emissions are low to zero because they can convert
the fuel’s chemical energy directly into electricity without combustion. Fuel cell systems also have
high energy conversion efficiency even at small distributed generation scales since energy
conversion depends upon establishing a chemical potential difference rather than a temperature
difference (e.g., combustion engines that are limited by the Carnot efficiency). There are five
different types of fuel cells available in the market. Proton exchange membrane fuel cell (PEMFC)
(40 — 80°C), molten carbonate fuel cell (MCFC) (650°C) and solid oxide fuel cell
(SOFC) (800 — 1000°C) are types of fuel cells that are targeted for commercialization in the
residential (1-10kW), commercial (several MW) and power generation (25-250MW) end-use
markets, system studies in this area are of great interest. Much research on fuel cells has focused
on SOFC as an electrochemical reactor aimed at power and heat generation applications. SOFC is
considered to be one of the most promising technologies for its high-efficiency and low emission
compared with fossil power plants. SOFC is a highly efficient energy conversion device that
transforms chemical energy to electrical energy and heat directly from fuels through
electrochemical reactions at electrodes electrolyte interface. The fuel can be natural gas, carbon
monoxide, methanol, ethanol and hydrocarbon compounds as well as hydrogen. The SOFC can be

used with a variety of power generation systems; both stationary power generators and auxiliary



power sources in aircrafts or even in residential application. One cell consists of interconnected
structures and a three-layered region composed of two ceramic electrodes (anode and cathode)
separated by a dense ceramic electrolyte. SOFCs operate at high temperatures in range of 600 —
1000°C. Oxygen ions formed at the cathode migrate through the ion-conducting electrolyte to the
anode/electrolyte interface where they react with the fuel gases, producing water while releasing
electrons that flow via an external circuit to the cathode/electrolyte interface. Unlike the low
temperature polymer fuel cell, SOFC operates at temperatures high enough to enable the direct
reformation of natural gas. Flexibility in fuel utilization is an advantage of SOFCs over other types
of fuel cells. Hydrocarbon fuels can be supplied directly to SOFCs without the need for pre-
reforming processing [8][9]. Large-scale, utility-based SOFC power generation systems have
reached pilot-scale demonstration stages in the US, Europe, and in Japan. Small-scale SOFC
systems are being developed for military, residential, industrial, and transportation
applications [10]. There are several review papers involving the future aspects of power generation
and challenges in the commercialization of SOFC system. A comprehensive study was carried out
by Singhal [11] who investigated the advances in SOFC technology in the power generation sector.
This study reviewed the material and fabrication methods used for the different cell components,
and evaluated the performance of cells fabricated using these materials. Stambouli and
Traversa [12] investigate the prospect of SOFC technology as an environmentally clean and
efficient source of energy. Wachsman and Singhal [13] examined the commercialization, research
and challenges of SOFC. Most of these review papers emphasize more on the research challenges
for commercialization and development of SOFC technology. Very few papers have emphasized
the research issues of the dynamic operation of SOFC CCHP technology for residential, marine,

industrial, and transportation applications.



1.2. Goal

The goal of this study is to establish the performance characteristics of an integrated system of

Organic Rankine Cycle with Solid Oxide Fuel Cell and absorption chiller for dynamic combined

generation of power and cooling. Recovered SOFC exhaust heat is captured and used in the ORC

as an energy source; therefore additional electrical power is obtained from ORC. Moreover,

cooling is provided in this system using an absorption chiller. This combined, novel system is

evaluated by the energetic performance in terms of efficiency and capacity. A dynamic model is

developed and used to evaluate the performance of the system based upon measured load profiles

of residential buildings.

1.3. Objectives

To meet the goal, the following objectives are achieved:

1.

2.

3.

Develop a dynamic model for an Organic Rankine Cycle,

Verify the developed physical model of an ORC by comparing to literature data,

Build upon an existing dynamic Matlab/Simulink SOFC model to develop a dynamic
system model that simulates the physical operation of the SOFC system,

Verify the developed physical models by comparison to experimental data.

Build upon an existing dynamic Matlab/Simulink Absorption Chiller model to develop a
dynamic system model for integration with the SOFC model,

Simulate integrated system operation to meet the dynamics of actual buildings,

Determine and analyze steady state characteristics of the proposed system based upon
targeted building demands, and

Evaluate the combined system efficiency, capacity, and dynamic operation.



2. BACKGROUND

2.1. Fuel Cell

Fuel cell devices are capable of converting fuel directly into electricity without the need of
turbines or any major moving parts. The following section discusses how fuel cells work and some
of the motivating principles behind their operation. Hydrogen is the most basic fuel used in the
electrochemical reactions, but fuel cell systems can operate on a wide variety of fuels and they
also require oxygen. The fuel and oxidant are separated by the membrane-electrode assembly. The
membrane-electrode assembly is made up of anode and cathode electrodes and an electrolyte
which is sandwiched between the two electrodes. The electrodes are permeable to gas so that the
gases can make contact with the electrolyte. Points at which the gas, electrode, and electrolyte
meet are points where an electrochemical reaction can occur which liberates an electron into or
out of the electrode as an ion is transferred through the electrolyte. These points are called triple-
phase boundaries (TPB). For example with hydrogen electrochemistry, the hydrogen splits,
releasing two electrons into the anode while the hydrogen ions travel through the electrolyte. The
ions then react with oxygen atoms and electrons in the cathode to form water. A voltage potential
exists between the anode and cathode, this drives an electric current. The simplified reaction of the

above combination of fuel and oxidant is as follows:
1
H2 +§OZ —>H20 (2_1)

Equation (2-1) is actually the overall reaction of the fuel cell and is made up of two half-

reactions which occur at the anode and cathode TPBs.

+ —_—
Anode: Hy = 2H + 2e (2-2)

1 _
Cathode: 502 +2Ht +2e” - H,0 (2_3)



Equations (2-2) and (2-3) are the two half reactions which occur at the anode and cathode
respectively. Fuel cells are often categorized by the type of electrolyte they have and their
operating temperature. The various materials that are used to make up different electrolytes often
require different electrochemical reactions to take place. However, the characteristics of these
different fuel cells are governed by fundamental principles.

Analyzing from a thermodynamic point of view, the maximum work output obtained from the
above reaction is related to the free-energy change of the reaction. The above reaction is
spontaneous and thermodynamically favored because the free energy of the products is less than
that of the reactants. The standard free energy change of the fuel cell reaction is indicated by the
equation:

AG =-nFE (2-4)

Where 4G is the free energy change, n is the number of moles of electrons involved, E is the
reversible potential, and F is Faraday’s constant. If the reactants and the products are in their
standard states, the equation can be represented as

AG, =-nFE, (2-5)

The ideal performance of a fuel cell can be represented in different ways. The most commonly
used practice is to define it by the Nernst potential represented as the cell voltage.

The Nernst equation is a representation of the relationship between the ideal standard potential
“Eo” for the fuel cell reaction and the reversible potential “E” at other temperatures and pressures
of reactants and products. Once the ideal potential at standard conditions is known, the ideal
voltage can be determined at other temperatures and pressures through the use of these equations.
According to the Nernst equation for hydrogen oxidation, the ideal cell potential at a given
temperature can be increased by operating the cell at higher reactant pressures. Improvements in
fuel cell performance have been observed at higher pressures and temperatures. The symbol E
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represents the reversible potential, Eo the standard potential, P the gas pressure, R the universal
gas constant, F Faraday’s constant and T the absolute temperature. Nernst voltage Vyernse IS

defined:

RT < H(aproducts) )

% =E,——=In
Nernst 0 zF H(areactants) (2-6)
The minus sign is turned positive if the activity of the reactants and products are flipped in
accordance with properties of logarithms. If water is assumed to be in the form of steam (vapor),

the Nernst voltage for the equation (2.1) becomes

RT Py.o
VNernst = Eo — ﬁln : 1 (2-7)
PHZPOZZ

The ideal and actual performance of a fuel cell is quite different, especially when one analyzes
the potential current response of a fuel cell. Figure 2-1 displays the ideal and actual responses of
a fuel cell. Electrical energy is obtained from a fuel cell when a current is drawn, but the actual
cell potential is lowered from its equilibrium potential because of irreversible losses due to various
reasons. Several factors contribute to the irreversible losses in a practical fuel cell. The losses,
which are generally called polarization or over potential, originate primarily from activation
polarization, ohmic polarization, and gas concentration polarization. These losses result in a cell

potential for a fuel cell that is less than its ideal potential.
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Figure 2-1: Ideal and Actual Voltage Current Density Curve of Fuel Cell [14]
The first of these three major polarizations is the activation loss, which is pronounced in the
low current region. In this region electronic barriers must be overcome before the advent of current
and ionic flow. The activation loss is directly proportional to the increase in current flow. The

activation polarization can be represented as

RT i
act = g (7) 2-9)

Where 7act is the activation polarization, R the universal gas constant, T the temperature, « the
charge transfer coefficient, n the number of electrons involved, F the Faraday constant, i the current
density, and io the exchange current density. Activation polarization is due to the slow
electrochemical reactions at the electrode surface, where the species are oxidized or reduced in a
fuel cell reaction. Activation polarization is directly related to the rate at which the fuel or the

oxidant is oxidized or reduced. In the case of fuel cell reactions the activation barrier must be

overcome by the reacting species.



The ohmic polarization varies proportionally to the increase in current and increases over the
entire range of currents due to the constant nature of fuel cell resistance. The ohmic polarization
can be represented as

Nonm = IR¢ (2-9)

Where 70nm IS the ohmic polarization and Rc is the cell resistance.

The origin of ohmic polarization comes from the resistance to the flow of ions in the electrolyte
and flow of electrons through the electrodes and the external by decreasing the electrode
separation, enhancing the ionic conductivity of the electrolyte and by modification of the
electrolyte properties.

The concentration losses occur over the entire range of current density, but these losses become
prominent at high limiting currents where it becomes difficult for gas reactant flow to reach the

fuel cell reaction sites. The concentration polarization can be represented as

Ncon = (n—F) In (1 - Z) (2-10)

Where 7con is the concentration polarization, i, is the limiting current density. As the reactant
gas is consumed at the electrode through the electrochemical reaction, there will be a potential
drop due to the drop in the initial concentration of the bulk of the fluid in the surroundings. This
leads to the formation of a concentration gradient in the system. Several processes are responsible
for the formation of the concentration polarization. These are (1) slow diffusion of the gas phase
in the electrode pores, (2) solution of reactants into the electrolyte, (3) dissolution of products out
of the system, and (4) diffusion of reactants and products, from the reaction sites, through the
electrolyte. At practical current densities there is slow transport of reactants to the electrochemical
reaction and slow removal of products from the reaction site, which is a major contributor to the

concentration polarization.



2.2. Organic Rankine Cycle

The Rankine Cycle was named after William J. M. Rankine, a Scottish engineer and physicist
who developed the theory of the steam engine in 1859. The steam production process for heating
has been around for thousands of years, and in the 17th and 18th century, the development of the
steam power cycle began. These developments lead to the steam engine and the Industrial
Revolution, which vastly changed human life. A large amount of ORC power plants have been
built, mainly for waste heat recovery and combined heat and power applications. This technology
has some advantages over the traditional steam Rankine cycle, which makes it more profitable for
power plants with a limited electrical output power, despite a lower efficiency. The optimization
of the ORC is quite different from the traditional steam cycle, mainly because of the heat source
temperature limitation, and also because there is usually no constraint regarding the vapor quality
at the end of the expansion.

The Organic Rankine Cycle (ORC) is similar to a steam cycle, except that it uses an organic
working fluid in place of water. This organic compound is typically a refrigerant, a hydrocarbon,
a silicon oil, or a perfluorocarbon. Its boiling point is lower than water, which allows recovering
heat at a lower temperature than in the traditional steam Rankine cycle. Organic Rankine Cycles
have been studied both theoretically and experimentally with reported efficiencies usually below
10% for small-scale systems [15].

Organic Rankine Cycles have often been applied to relatively low temperature heat recovery
processes that convert thermal energy into mechanical power. The process begins with an organic
working fluid that is pumped through an evaporator, exposing it to a heat source. The heat then
converts the fluid into a superheated vapor due to its low boiling point. The hot vapor is then

expanded to produce electric power. The warm vapor exits the expander and enters the condenser,
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which is then cooled back into a liquid. The cold liquid goes through the evaporator to repeat the
closed-loop cycle to be reused or recycled. Figure 2-2 explains this process.

Evaporator
ANNAA—T—

Exhaust Gas __,

D *+— Working
l Fluid T
Expander Pump @
l Condenser Reservoir T
— AN — =
Fan

Figure 2-2: Schematic View of the ORC

Organic Rankine Cycle units are comprised of an expander, a pump, a condenser and an
evaporator. The core of the ORC unit is the expander, where a hot vapor expands and spins the
expander-generator, producing electricity. The pump, or working fluid pump, constantly regulates
the working fluid based on heat source conditions to optimize system performance and generate
maximum power. The evaporator uses a heat source to convert the working fluid into vapor form.

From there the condenser cools vapor back to liquid form to continue the ORC cycle.

2.2.1. ORC Applications
2.2.1.1. Biomass Combined Heat and Power (CHP)
Biomass is widely available from several industrial and agricultural processes such as furniture

industry or agricultural and forest residues. Biomass has great potential in providing combined
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heat and power (CHP) simultaneously. Biomass can be transformed into heat using combustion
and the heat can be converted to electricity using the ORC. Such systems have received growing

attention especially for systems with low power capacity [16].

2.2.1.2. Solar Power Cycles

Solar energy is one of the most promising renewables as it is non-exhaustible, pollution-free
and exploitable in most parts of the world. The intensity of sunlight reaching the earth is
1360W/m?. Energy from the sun can be utilized in electricity generation directly (through PV cells)
or indirectly (solar thermal). Solar thermal power generation using concentrating collectors is a
mature technology. Collectors capture the sun radiation and concentrate it on either a focal line or
focal point depending on the type of the collector. This radiant heat is used to heat up the heat
transfer fluid that passes through the collectors. ORC is a reliable technology for utilizing such
heat especially if it is generated as low to medium grade heat (80-350°C) in small-scale systems

for electricity generation

2.2.1.3. Geothermal Binary Power Cycles

The geothermal energy (earth’s heat) that is naturally embedded in the deep layers of the earth
is a renewable form of energy. This energy can be exploited by drilling deep wells and transferring
the hot brine trapped in the sub-layers to the surface via the production well. Depending on the
geographical location the brine temperature varies. However, the average geothermal gradient near
the Earth’s surface is about 300K/km [16]. The hot brine can transfer its heat to an organic fluid
in the evaporator of an ORC system and then return to the injection well at a lower temperature.
Geothermal heat sources are available over a broad range of temperatures, from 60°C up to

300°C [16]. The lower bound for power generation is about 80°C:

12



2.2.1.4. Internal Combustion Engines (ICE) Waste Heat Recovery

On average, two thirds of the fuel energy consumed by an ICE is wasted through the exhaust
gases and the cooling liquid [16] . This waste heat from the engine (mainly from exhaust gas and
cooling circuit) is large enough to allow efficient heat recovery with the ORC technology. The
electricity generated from the on-board ORC can be used for supplying auxiliary units such as the
air conditioning or recharging the batteries. One of the main issues with on-board ORC in ICEs is
the typically highly dynamic operating behavior of the system which requires complex controlling

schemes in order to maintain acceptable efficiency and performance levels in the ORC.

2.2.1.5. Gas and Steam Power Cycle Exhaust Heat Recovery

It is a common practice in large-scale power plants to recover the exhaust heat from gas
turbines in a Brayton cycle to produce steam for driving steam Rankine cycle system. Usually the
exhaust gas from the gas turbine is in the range of 500-600°C which makes the steam Rankine
cycle a more attractive option for waste heat recovery. However, with emergence of micro-gas
turbines as remote power units and with power capacity of less than 500 kW and exhaust
temperature of less than 400°C, significant attention has been paid to the waste heat recovery of
micro-gas turbines with ORC for small-scale applications in order to increase the overall

efficiency.

2.2.1.6. High Temperature Fuel Cell

Although SOFC systems exhibit high electrical efficiency, in practical applications almost half
of the fuel energy is converted to heat. The exhaust gas temperature of high temperature fuel cells
which is usually less than 400°C makes organic Rankine cycle an attractive candidate to be used

as a bottoming cycle for an SOFC system.
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2.3. Absorption Chiller
Chillers are machines that take energy from a low temperature reservoir and reject it to a higher

temperature reservoir. Absorption chillers enable the usage of the exhaust heat for generating a
cooling capacity which can be exported for local cooling or used within the system to improve
efficiency.

The more common type of cooling, known as direct expansion or vapor compression cooling,
relies on a compressor which is often driven by an electric motor. This compressor compresses a
refrigerant vapor, raising its temperature and pressure before it goes into a condenser where it
rejects heat into the environment. The fluid is then expanded through an expansion valve which
lowers its boiling point; it is then passed into an evaporator where it vaporizes. The heat required
for vaporization of the fluid results in a drop in temperature in the refrigerant which provides a
usable cooling effect. The fluid then passes to the compressor and the cycle beings anew. A

diagram for a vapor compression cycle is shown in Figure 2-3.
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Figure 2-3: Vapor Compression Cycle [17]

In an absorption refrigeration cycle, the concept is of course the same, but it is achieved in a
slightly different process. An absorption chiller uses an absorbent-refrigerant pair as its working
fluid. For example, a Lithium Bromide-Water absorption chiller uses Lithium Bromide as the
absorbent and water as the refrigerant. Alternatively, a Water-Ammonia absorption chiller uses
water as the absorbent and Ammonia as the refrigerant. To move from the vapor compression
cycle, to the absorption refrigeration cycle, the compressor is removed and replaced with a
generator vessel, shown in Figure 2-4. The generator vessel, like the compressor, is where the main
energy input takes place, but instead of mechanical compression, thermal energy is added in the
generator. This energy boils the solution in the generator, and the refrigerant evaporates from the
solution, leaving the solution more highly concentrated. While the evaporated refrigerant flows to
the condenser section and proceeds much like in the vapor compression cycle, the concentrated

solution flows in a separate path. Depending upon the cycle configuration, this solution is typically
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used in a solution heat exchanger to preheat the dilute solution being pumped from the absorber.
After this heat exchange, the concentrated solution flows to the low-pressure absorber. The
absorber is cooled by the same cooling circuit as the condenser. This allows the concentrated
solution to absorb the refrigerant entering from the evaporator, as its low saturation concentration
limit (% wt. LiBr) is determined by temperature and pressure. The two fluids recombine, and are
pumped back to the generator vessel to begin the cycle again. The cycle described here is a single-
effect absorption refrigeration cycle, whereas there do exist double-and triple-effect absorption
chillers as well. The single-, double-, triple- refer to the number of generator vessels used to
produce refrigerant, and as this number goes up, so does the coefficient of performance (and
complexity) of the chiller. Single-effect machines are popular to use for smaller applications, and
double-effect chillers are very common for larger-scale refrigeration or industrial applications.

Triple effect machines are less common and are still in the development phase.

Condenser
RO
- Qou
Qo ol
(Heat Rejection)
g
A 8 :
[= -
g Absorption Expansion
Solution El Refrigeration Cycle Valve
Haat Exchanger

galution
-—
soden pinbay

VApDT

(Heat Rejection) (Coeling)

Absorber Evaporator

Figure 2-4: Absorption Refrigeration Cycle[17]
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2.4. Previous Studies
SOFC usually operate at high temperature about 600 — 1000°C, which temperature range is

well-suited to integrating bottoming cycles for additional power, heating or cooling production
which results in improved overall efficiency when compared to an individual stand-alone system.
An analysis of a hybrid system of micro-turbine and fuel cell as a prime mover of CCHP plants
was carried out by Saito et al. [18]. Saito et al. [18] carried out energy demand and consumption
analyses of apartments, offices and hotels in Japan with the use of the hybrid system. They found
that the annual fuel consumption dropped by 32%, 36% and 42% for the apartments, offices and
hotels, respectively. One general method to recover the waste heat from the SOFC is the SOFC-
GT system, in which SOFC is coupled with a gas turbine (GT) as the bottom cycle to increase the
overall efficiency by recovering waste heat from SOFC exhaust. The concept of SOFC-GT hybrid
system was proposed for decades, and many researchers have studied the theoretical analysis of
this hybrid system [19][25]. Siemens-Westinghouse Power Corporation developed the first hybrid
power system, which integrated an SOFC stack with a gas turbine engine. The pressurized (3 atm)
system generated 220kW of electrical power at a net electrical efficiency of 53.5% [26]. Mueller
et al. [27] designed a theoretical solid oxide fuel cell-gas turbine hybrid system using a 60kW
micro-gas turbine. Although using a gas turbine can recover waste heat from an SOFC, the exhaust
gas from the gas turbine still has relatively high temperature that could be used in other bottoming
cycles. If the waste heat from gas turbine can also be recovered by some method, then the energy
conversion efficiency can increase further.

Another method to recover the waste heat from the SOFC is the SOFC-ORC combined system.
Using ORC as a bottoming cycle of the SOFC, the system can fully recover the waste heat from
the SOFC. Some research has been conducted on the waste heat recovery of the exhaust from the
SOFC by ORC. Akkaya and Sahin [28] presented an energetic analysis for a combined power

17



generation system consisting of an SOFC and an ORC. The results showed that the efficiency was
increased by about 14-25% by recovering SOFC waste heat through ORC based on investigated
design parameter conditions. And there existed an optimum value of fuel utilization factor
maximizing the efficiency. Al-Sulaiman et al. [29] proposed a cooling, heating and power
production system based on the SOFC and ORC. The energy analysis showed that at least a 22%
gain in efficiency was achieved compared with the stand-alone SOFC system. Ghirardo et al. [30]
conducted a study on heat recovery for a 250kW SOFC onboard a ship. Using ORC could produce
35kW of electricity from the waste heat of 181 kW. The overall efficiency increased from 44% to
49% and the cost of energy dropped from 0.25$/kWh to 0.22%/kWh. In another study, Al-Sulaiman
et al. [31] analyzed CO, emissions from the CCHP system. The study showed that the CO,
emissions per MWh are significantly less than that of the CO,, emissions per MWh of the electricity
produced by the SOFC alone or the net electrical power of the system. In another study, Al-
Sulaiman et al. [32] studied the feasibility of using a CCHP plant based on ORC and solid oxide
fuel cells. In their study, it was shown that there is 3-25% gain on exergy efficiency when
compared with the power cycle only. In a different study, Al-Sulaiman et al. [33] examined a
CCHP system using a biomass combustor and an ORC. In their study, it was shown that the exergy
efficiency of the CCHP system increases significantly to 27% as compared with the exergy
efficiency of the electrical power case, which is around 11%. In [34] the performances of a 100kW
SOFC-ORC system coupled with a gasification facility was carried out by means of a multi-
objective optimization. Their results show that efficiencies in the range of 54-56% can be achieved
by wisely selecting the organic fluid properties. In [35], Al-Sulaiman et al. compared performance

of three different CCHP systems based on SOFC, Biomass, and Solar using organic Rankine
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cycles. This study shows that the SOFC CCHP system has the highest electrical efficiency among
the three systems.

In SOFC-ORC combined systems, it is a novel idea to use the ORC waste heat for cooling
purposes. Several studies were conducted in using absorption chiller as a bottoming cycle of the
SOFC for cooling. Margalef and Samuelsen [36] studied an integrated molten carbonate fuel cell
and absorption chiller cogeneration system, showing that the overall electrical and cooling
efficiency can achieve 71.7%. Furthermore, Silveira et al. [37] [38] examined a molten carbonate
fuel cell cogeneration system integrated with absorption refrigeration which was applied to a dairy
for electricity and cold water production. The results showed that the electrical efficiency of the
system and the second law efficiency of the fuel cell unit were 49% and 46%, respectively. EImer
et al. [39] used empirical SOFC and liquid desiccant component data and provided an energetic,
economic, and environmental performance analysis assessment of the combined system. The
economic and environmental analysis showed an improvement in SOFC capital cost and the
transition to clean hydrogen production. Leong [40] analyzed an integrated solid oxide fuel cell
with an adsorption chiller. A steady state mathematical model was developed to simulate the
effects of different SOFC operating conditions on an energy system incorporating SOFC and
exhaust gas driven absorption chiller. The effect of fuel utilization factor on electrical, cooling,
and total efficiency was investigated [41]. Zink [42] studied an integrated solid oxide fuel cell
absorption heating and cooling system for buildings, concluding that the combined system
demonstrated great advantages in both technical and environmental aspects. An integrated SOFC
and a double effect water/Lithium Bromide absorption chiller were presented by Yu et al. [43].
The system performance was analyzed under different fuel utilization ratio, fuel flow ratio, and air

inlet temperature. However, there is currently only one study in the literature about using SOFC
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integrated with both ORC and absorption chiller [29]. In this study, the waste heat from the ORC
is used to produce cooling using a single-effect absorption chiller.

In addition to producing power, cooling, and/or heat from the capture and use of exhaust
energy, a third product (hydrogen) can also be generation use a high-temperature fuel cell [44].
So called “Tri-Generation” systems. In [45], Becker et al. focused on the design and performance
estimation of a methane-fueled, IMW SOFC Tri-Generation system operating at steady-state.
Another study focused on design and exergetic analysis of a novel carbon free Tri-Generation
system for hydrogen, power and heat production from natural gas, based on combined solid oxide
fuel and electrolyzer cells [46]. SOFC has the capability of converting methane into hydrogen by
external reforming and/or within the anode compartment through internal steam methane
reformation and water-gas shift reactions [47]. Heat and water produced by the fuel cell

electrochemical reactions are used directly in the endothermic fuel processing reactions.

2.5.  Summary

In the literature, most of the papers investigated the challenges related to the commercialization
and development of SOFC technology combined with bottoming cycles in steady state operating
condition. Very few papers have emphasized the research issues of the dynamic operation of SOFC
CCHP technology for residential, marine, industrial, and transportation applications. The
residential sector is responsible for 20% percent of total U.S. emissions. Emissions from the
residential sectors can largely be traced to energy use in buildings. Also, load profiles of residential
building are highly dynamic during the day. As a result, it is essential to capture the performance
of the combined system based upon measured load profiles of residential buildings. In the
literature, there is a lack of study on dynamic operation of SOFC integrated with ORC and AC for

residential application.

20



The novelty of this study is developing a dynamic model for integrated SOFC-ORC-AC which
enables capturing the behaviour of the combined system during the real dynamic operating
conditions. In this research, power load of a residential complex is used as an input of SOFC model
to address the feasibility of designing an SOFC system which follows the real residential dynamic
loads. The mass flow rate and temperature of SOFC exhaust gas are changed as a result of
following the dynamic residential load. In this study to address the effects of dynamic heat source
for the bottoming cycles (ORC-AC), a dynamic model is developed for both ORC and AC cycles.
This study shows the possibility of designing an integrated SOFC-ORC-AC system to not only
following the residential dynamic demand, but also using SOFC dynamic waste heat to produce

extra power or cooling for residential buildings.
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3. APPROACH

This work begins by reviewing the relevant literature on solid oxide fuel cells, organic Rankine
cycles and absorption chillers. Chapter two presents a brief summary of previous and concurrent
research efforts. Information from the literature and previous efforts at the National Fuel Cell
Research Center (NFCRC) aided in developing working models of relevant system components
using dynamical simulation software. The Matlab-Simulink environment was chosen to develop
these models for its versatility and widespread adoption in the engineering community. In chapter
three, the configuration of organic Rankine cycle is characterized. Also, the dynamic formulation
for each ORC component model in derived and the organic Rankine cycle model is developed. A
brief summary of fuel cell model and absorption chiller model is presented in chapter three.

In chapter four, first the SOFC model is verified with two commercially available SOFC from
solid power. Then, the ORC model is verified based on the literature. Once the models behavior
approximated a realistic system, the load profile and usage data gathered from a target building
were used to evaluate the performance characteristic of the system. First, the steady state
characteristics of the system are presented. Then, the dynamic behavior of the combined system is
presented. In the chapter five, the conclusions and recommendations of the research are presented.

The tasks for the study map to the objectives, namely:

Task 1. Develop a dynamic model for an Organic Rankine Cycle:

The basic configuration of ORC is characterized during this task. Also, all the dynamic
formulations modelling physical behaviour of each component are derived. A state space method
is defined. The dynamic model of each component based on formulation is developed in Matlab
software.

Task 2. Verify the developed physical model of an ORC by comparing to literature data:
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In order to verify the developed dynamic model, the dynamic input data consist of mass flow
rate and temperature of heat source of a former study in literature are used. Two different scenarios
for mass flow rate and temperature of heat source are considered to verify the developed dynamic
model of the ORC in this study.

Task 3. Build upon an existing dynamic Matlab/Simulink SOFC model to develop a dynamic
system model:

A spatially and temporally resolved dynamic model is developed in MATLAB/Simulink based
upon the National Fuel Cell Research Center (NFCRC) SOFC model to simulate the dynamic
operating characteristics of an SOFC system. The model, derives from first principles, incorporates
the physics for SOFC simulations. The system is sized based on the load profile of target residential
building.

Task 4. Verify the developed physical model of SOFC by comparison to experimental data:

Two different commercially available SOFC systems were used to verify the developed model.
The first one is the 1.5kWe BlueGEN, a commercially available SOFC CHP system, designed for
small- to medium-scale building applications. The second SOFC system used for model
verification is the EnGen 2500 mCHP (micro-Combined Heat and Power) unit designed for
residential use or small-scale commercial applications. Input parameters of the developed model
are adjusted based upon the operating conditions of these two systems. In order to verify the
developed model, the model V-j characteristic curve is compared with BlueGen and EnGen V-j
characteristic curves.

Task 5. Build upon an existing dynamic Matlab/Simulink Absorption Chiller model to

develop a dynamic system model for integration with the SOFC model:
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The developed dynamic absorption chiller model is based upon a previous work in NFCRC.
In this model, the absorption chiller is sized based upon SOFC exhaust capacity used as a heat
source in generator.

Task 6: Simulate integrated system operation to meet the dynamics of actual buildings:

Measured dynamic power demand data from a residential complex (Verano Place, VP) located
in Irvine California are used as an input to evaluate the dynamic operation of the integrated SOFC-
ORC model. Data from EnergiStream Live Demand Dashboard for a work day and a weekend day
are used for simulations in this study. The model is run using the residential load profile for 24
hours with 15-minute resolution.

Task 7: Determine and analyze steady state characteristics of the proposed system based
upon targeted building demands:

The integrated system is sized for a 400kW SOFC and a 25kW ORC. A sensitivity analysis is
done to investigate the effects of fuel utilization (FU) on SOFC power output, SOFC efficiency,
SOFC exhaust gas temperature and mass flow rate, ORC power and overall efficiency.

Task 8: Evaluate the combined system efficiency, capacity, and dynamic operation:

The developed dynamic model for SOFC-ORC-AC is used to investigate the dynamic behavior
of the integrated system e.g., SOFC efficiency, ORC output power, SOFC and ORC exhaust gas
temperatures and mass flow rates, the ORC condenser and evaporator operating pressures and

temperatures, AC cooling capacity and COP.

24



4. METHODOLOGY

4.1. Solid Oxide Fuel Cell Dynamic Model

4.1.1. Overview

SOFCs are promising technology for electricity generation with high efficiency, potential for
low degradation characteristics, mechanical simplicity, and scalable manufacturing capability.
This section will discuss dynamic modeling of SOFC which is the main driver for the entire system
model. With fuel continuously supplied to the anode, and an oxidant, such as air, supplied to the
cathode the zirconium oxide electrolyte will allow oxygen ions to pass through the crystal lattice
by jumping from one lattice vacancy to the next. This transport mechanism allows for the flow of
ions from cathode to the anode compartments while an electric current is drawn. The SOFC system
contained the fuel cell stack, anode off-gas oxidizer, fuel and air preheat heat exchangers, cathode
mixing, and blower control for the incoming air stream. The modeling platform used for this work
is Matlab Simulink. McLarty et al. previously developed a spatially resolved fuel cell model upon

which this work is based [48]-[49].

4.1.2. Matlab Simulink

Simulink is a graphical programming environment for modeling, simulating and analyzing
multi-domain dynamic systems. The general layout of a Simulink model provides a strong visual
representation of what is actually being modeled by organizing system components into individual
blocks that contain the governing equations. Each block has its certain input and output parameters
which are then connected to the other blocks present in the system. Simulink offers tight integration
with the rest of the MATLAB environment and can either drive MATLAB or be scripted from it
to allow a wide range of modeling capabilities and flexibility that are desirable for complex system

models
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Ability to use different forms of solvers such as fixed time step or variable time step solvers is
another advantage of Simulink modeling. This ability is very important for simulating the
dynamics of the system and temporally resolving a full system model with numerous components
and numerous characteristic time scales. The ability to use vectors and matrices for variables in
Simulink, provides the opportunity to spatially resolve each component of the system by breaking
it up into several nodes. This can be applied to any system component to provide a deeper

understanding of the phenomena that are being captured by the model.

4.1.3. Modeling Development

A spatially and temporally resolved dynamic model was developed in MATLAB/Simulink
based upon the National Fuel Cell Research Center (NFCRC) SOFC model to simulate the
dynamic operating characteristics of an SOFC system [49]. The model, derived from first
principles, incorporates the physics for SOFC simulations. The organization of the model follows
a vector format to obtain spatial resolution while temporal resolution is obtained by the use of
kinetic modeling, thermal gradients, and control systems to converge components to steady state.
This method allows for a wide variety of capabilities to investigate the dynamics of a system and
the performance and effects of system components. This modeling approach takes advantage of
the ability to model dynamics of the system until it is able to converge to steady state. Simulation
of any spatial resolution is performed by determining the number of rows and columns during the
model initialization. The spatially and temporally resolved SOFC model divides the surface of a
fuel cell into various nodes. For each node, temperature, species concentrations, pressure, voltage,
current density and flow rate are evaluated with dynamic conservation of mass, energy and

momentum equations. The model takes into account the interconnect, cathode, anode, and
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electrolyte structure as four separate, but bulk control volumes of each node resulting in a quasi-
3-D representation of a fuel cell.

Dynamic modeling is able to introduce control schemes for flow rates, blower powers,
recirculation, etc. that mirrors how a real system must be operated. It also has the ability to capture
the kinetic behavior of chemical reactions to determine species compositions and the extents of
reaction. These factors play an important role in the overall design aspects of the system and its
components because now the properties of materials, thicknesses of piping, sizes of heat
exchangers, flow directions, temperature gradients, etc. all make a difference for creating a system
model that physically resembles a real world system. The main physical and chemical phenomena
modeled in the system are: energy balances (consideration of energy for all flows throughout the
system), mass balances (accounts for all flows present in the system), heat transfer (convective
heat transfer for flows through components and conductive heat transfer through plates and
membranes in multiple directions), fluid dynamics (friction factor calculations for pressure losses
and flow rates), chemical reaction Kkinetics (captures chemical and electrochemical reactions for
kinetic behavior and extent of reaction) and fuel cell potential and losses (Nernst potential with

activation, concentration, and ohmic losses for fuel cell operation).

4.1.4. SOFC Model

In an SOFC, completely or partially reformed fuel (reformate) typically flows through the
anode compartment while air flows through the cathode compartment. Species diffuse in and out
of the porous electrodes to the triple phase boundaries (TPB) at the interface of gas, electrode and
electrolyte phases. Electrochemical reactions convert the O from the cathode electrode to oxygen
ions (O7) which travel through the electrolyte and then participate in electrochemical reactions at

fuel electrode TPBs to produce CO> and water by reacting with Hz, CO, and CHgs. Electrons are
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produced by the fuel electrode electrochemical reactions and consumed by the oxygen electrode
electrochemical reactions and travel from the fuel electrode to the oxygen electrode through the
external circuit to generate power. The polarizations result in a voltage that is lower than the
thermodynamic voltage. The SOFC model is capable of producing voltage-current density (V-j)
curves which are used for comparison purposes of fuel cell performance. The V-j curves depend
upon the Nernst and overvoltage equations which themselves are functions of various operating
parameters. The Nernst equation yields the highest achievable voltage of the SOFC Eq. (4-1). Ina
SOFC reaction the only reactant species involved in transport across the electrolyte interface is
oxygen. Due to the highly reactive and diffusive nature of hydrogen, the losses occurring at the
anode electrode will be negligible in respect to the cathode over potentials. Thus, the focus will
remain on the losses occurring at the reducing electrode. The actual voltage achieved Eq. (4-2)

takes into account the Nernst potential and losses defined below.

1
2
RT XH2X02 1

— 0 2
VNernst = E* + ﬁ In XHZO PCathode (4-1)
VFC = VNernst — Nact — Nonmic — Nconc (4'2)
RT j
Necath = 4F In c (4-3)
Jo* Polx ___tYJRT
[0 ‘1" arpcDd7, J
i ot t,, T
Nowmie = g+ ASRess = = Fe T -4

cell

Where V is voltage, Eo is standard potential, R is universal gas constant, T is temperature, F is
Faraday constant, Pj is partial pressure of species i normalized by atmospheric pressure and X; is

mole fraction of species i. n is over potential. In Eq. (4-3) j is current density; jo is exchange current
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density of the electrode, t° is the cathode thickness, D is effective binary diffusivity, tm in
thickness of electrolyte, o is electrolyte conductivity and AG,.; is the activation barrier for the
diffusion process.

The model used in this study incorporates the following expressions to account for
electrochemistry, conservation of mass and energy, species concentrations, and heat and mass
transfer for each node. For the species conservation, a dynamic conservation equation Eq. ( 4-5),
applies to each node. The species conservation depends on parameters such as chemical and

electrochemical reaction rates, and inlet and outlet flow concentrations.

dX; _ Rrgr + Reonsumep + (NX)in + (NX)out
dt % (4-5)

RT)

Where X; is concentration of species i, Rggr IS molar production rate of steam methane
reformation reaction and R:onsumep 1S SPecies consumption by the electrochemical reactions. One
of the important SOFC system performance parameter is electrical efficiency which is defined as

ratio of electrical output power of the SOFC system to the lower heating value of fuel Eq. (3-6).

WElectric net
Nsorc = o 00, (4-6)
Nfuel- LHVfuel

Where Wyieerricner 1S Net electric power output of the SOFC, Nfuel is molar flow rate of
consumed fuel and LHVy,,,; is lower heating value of fuel. The details of the polarization effects

and detailed information of the fuel cell dynamic model are discussed by McLarty et al. [49].

4.15. System Model
Additional energy system components such as heat exchangers, a mixing chamber, reformers,
oxidizer and blower are modeled and integrated with the SOFC model to form a complete

integrated energy system model. Simultaneous solutions of the dynamic equations that govern

29



each of the components captures the complex and coupled interactions amongst system
components.

The heat exchanger model uses different states consist of temperature of hot flow, temperature
of cold flow and temperature of steel plates at each node as well as pressure of hot flow and cold
flow at stack inlet to capture the thermal inertia (time constant) in heat transfer process [49]. The
heat exchanger model evaluates these states at each time and calculates effectiveness of heat
exchanger at that time. For nodes at stream sides, energy balance includes convective heat
transferred between fluid and steel plate, while for nodes at steel plate it includes convective heat
transfer as well as conduction between solid nodes.

For the blower in this study, the governing equation is the state space representation of the
blower rotational velocity obtained from rate of change of energy (balanced with net power
in) [49].

To thermally manage the SOFC stack, a portion of air at cathode outlet is recirculated and
mixed with fresh air as shown in Figure 4-1. The mixing volume model is used to model mixing
of species. This model uses some states e.g., outlet temperature, species concentration and inlet
pressure to capture the behavior of gas mixture at dynamic operating conditions.

An example system configuration is presented in Figure 4-1. Pre-reformed fuel comes into the
fuel preheater, and then is preheated with a portion of the oxidizer outlet to match the inlet
temperature of the stack. The stream then enters the SOFC stack, where it will be further reformed
internally and reacted electrochemically. The operating voltage, power, and exhaust species are
computed in the stack. The anode exhaust is then sent to the gas oxidizer. The exhaust of the
oxidizer is used to preheat the incoming air and fuel. The air feed is preheated by the oxidizer

exhaust to the inlet temperature of the SOFC and sent to the cathode electrode of SOFC. The
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cathode exhaust is then sent to the gas oxidizer. The initial system schematic can be seen in

Figure 4-1.
Exhaust Gas
SOFC
Pre-reformed Fuel HX Anode
Electrolyte Oxidizer
— Blower [—| Bypass Cathode \— Cathode >
Alr Inlet
Mixing
— SOFC
O

Figure 4-1: Example Configuration of the SOFC System

4.2. Organic Rankine Cycle Dynamic Model Development

4.2.1. Overview

Simulating ORC cycles requires a numerical solver in which the equations of mass and energy
balance, heat transfer, pressure drops, mechanical losses, leakages, etc. are implemented. ORC
models present in the literature can be subdivided into two main types: steady-state and dynamic.
Steady-state models are required for design (or sizing) purpose, for part-load simulation, system
performance evaluation, or cycle optimization problems. Dynamic models, on the other hand, also
account for energy and mass accumulation in the different components. This kind of model is
necessary when transient phenomena such as start-up or shut-down, dynamic control or variable
heat sources are studied.

This section describes the development of a dynamic model of each component of a waste heat
recovery ORC. Each component (e.g., evaporator) of the ORC has its own dynamic behavior that
determines the input-output response. This output itself can be an input of another component.
This way a connection between two components is created and considering all subsystems and
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their connections an overall model of an ORC system is obtained. The models are implemented
using “MATLAB” and the fluid properties are computed using the ““‘REFPROP’’ library. The
ORC cycle model is built by interconnecting the sub-models of the different components: Heat
exchangers, Pump and Expander. Taking the dynamics of all components into account would yield
a rather complex system model. Since the physics and chemistry of the components occur with
various characteristic time scales it is possible to create a dynamic model where fast processes are
assumed to be in equilibrium, while the physics and chemistry of the slower processes are captured
dynamically. The proposed dynamic model focuses on dynamics of the heat exchangers; the
dynamics of the other components are much faster (smaller time constants) and can be assumed to
be continuously in equilibrium states. These models are used to investigate, through simulations,

the performance of the system and to point out some achievable improvements.

4.2.2. Organic Rankine Cycle
The schematic diagram of the ORC based waste heat recovery system is shown in Figure 4-2.
The basic components of an ORC system consist of an evaporator, an expander, a condenser and

a working fluid pump.
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Figure 4-2: Schematic view of the ORC

R245fa, which critical properties are listed in Table 4-1, is selected as the working fluid in the
current ORC system. The waste heat coming from exhaust gas of the SOFC exchanges heat with
the working fluid R245fa in the evaporator, in which R245fa is vaporized at constant pressure until
it becomes superheated vapor. The superheated working fluid drives the expander, and accordingly
electric power is generated. The vapor from the expander is then condensed into liquid state in the
air-cooled condenser and collected in the receiver. The liquid is pressurized by the pump and sent
back to the evaporator. The waste heat source is always variable in temperature and flow rate. The
oil-free scroll expander in this ORC is the component for converting heat into mechanical energy
which can achieve better performance under low speed and variable working conditions than a

constant speed expander [15].
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Table 4-1: Critical Properties of R245fa.

Molecular Formula CF;CH,CHF,
Molecular Weight 134.05g/mol
Critical Pressure 3640kPa

Critical Temperature 427.20K
Critical Density 517kg/m3

4.2.3. Evaporator Modeling

Evaporator is the most critical part of the ORC to capture in a dynamic model. The thermal
efficiency and heat recovery of the ORC is connected to the performance and parameters of the
heat exchanger used in the system. The dynamics of the evaporator are caused by the thermal
inertia of the metal components and the fluid, as well as the mass inertia of the liquid phase. In the
proposed model, evaporator is a cross flow shell and tube heat exchanger used in the ORC circuit
which is shown in Figure 4-3. The model uses the SOFC system exhaust as the hot fluid and

refrigerant (R245fa) as a cold fluid. Corresponding inputs of the evaporator model are: mass flow

rate and temperature of the SOFC exhaust and refrigerant.
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Figure 4-3: Overview of the Evaporator Model

Relevant phenomena to be modeled occurring in such heat exchangers, include the heat
transfer (convective) from the hot (shell) side to the cold (tube) side, energy accumulation in the
metal parts of the exchanger, and mass and energy accumulation on both fluid sides of the
exchanger (e.g., SOFC exhaust and R245fa).

Figure 4-4 shows how the temperature of the working fluid typically changes when it flows
through the evaporator, indicating important points: The evaporator outlet temperature (T,,;), the
saturation temperature (Ty,:) and the difference between these two temperatures is the

superheating temperature difference (ATy,).
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Figure 4-4: Temperature Profile of the Fluid through the Evaporator

The approach that is used in this research to model the evaporator is a lumped parameter
approach in which both the inside and outside of the wall are considered uniform in temperature
and composition (lumped). One control volume is considered for the all regions in working fluid
side. To simplify the model, several assumptions about the working fluid flow are used as follows:

1. The evaporator is assumed to be a long, thin, horizontal tube.

2. The working fluid is mixed adequately and the working fluid flowing through the
evaporator tube can be modeled as a bulk fluid flow.

3. Axial heat conduction in the working fluid as well as in the pipe wall is negligible.

4. The pressure drop along the evaporator tube, caused by momentum change in the working
fluid and viscous friction, is negligible. Therefore, fluid pressure can be assumed uniform
along the entire evaporator. Thus the equation for conservation of momentum is not

needed.
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Using the assumption of negligible pressure loss, the pressure is constant along the pipe, but is

still time dependent.

In this study, dynamic model used for evaporator and condenser is based on an approach

developed by Rasmussen et al. [50].

4.2.3.1. Governing Equations

4.2.3.1.1. Mass Conservation at Working Fluid Side:

The general differential mass balance is:

dp

— D) = 4-7
5% +V.(pv) =0 (4-7)
m = pA.v (4-8)

In Eq. (4-7) and (4-8) p is the working fluid density, ¥ is the working fluid velocity and A is

the cross sectional area of a tube in which working fluid flows.

By multiplying A in to Eq. (4-7) and considering Eq. (4-8), Eq. (4-9) can be obtained as
follows:

d(pAss)  O(m) )
~+t—, =0 (4-9)

Integrating from z = 0 to z = L, (evaporator tube length), which correspond to the inlet and

outlet boundaries, respectively:

dz=0

Leg(pAcs) Le g (m)
d 4-10
jo 24 jo iy (4-10)

Jt

Assuming a constant cross sectional area and applying the Leibniz rule to the first term (see

Appendix A) results in Eq. (4-11).

d (" . .
Acs E,L p dz + (mout - min) =0 (4'11)
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In EqQ. (4-11) the first term on the left hand side describes the rate of working fluid mass change.
The second and third terms are the mass flows through the outlet and inlet boundaries, respectively.

Assuming an average density for working fluid and integrating the first term results in:

d
_(ﬁLe) + (mout - min) =0-

A
“dt (4-12)

AcspLe + (1o — Myp) = 0
The thermodynamic properties are calculated from (p, h) in the present analysis, where h is
the average enthalpy. The choice of p as one of the state variables is obvious, due to the assumption
of no pressure loss. Temperature and pressure cannot be selected as independent variables because
in two phase flow they are dependent upon each other. The second variable should be either
internal energy or enthalpy. Since this problem involves steady flow across boundaries (control
volume approach), enthalpy (h) is selected so that pressure and enthalpy (p,h) define each

state [50]. The average enthalpy h is defined as:

E — (hin -;hout) (4_13)

In Eq. (4-13) h;, and h,,; are working fluid inlet and outlet enthalpy respectively.
The working fluid mean density is approximated by p = p(P, h) and the working fluid mean

temperature is calculated from the same states as T, = T(P, h) [50].

In Eq. (4-12), % is calculated using the chain rule:

ap| \dP (3p
e (551 ) 5o+ G

aﬁ = ap_ T . .
e (G|, )| 7+ [aete G| )]+ G =) =
P

dh

P)E + (mout - Thin) =0-

(4-14)
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4.2.3.1.2. Energy Conservation Equation at Working Fluid Side
The general differential energy balance can be obtained as follows:

d(pAcsh —AsP) | 0(mh) =
= D — 4-15

In Eq. (4-15) p; is the inner cross sectional perimeter of a tube in which working fluid flows,
a; is convection heat transfer coefficient between working fluid and tube and T,,, is the evaporator’s
tube wall temperature.

Integrating from z = 0 to z = L, (evaporator tube length):

Le 3 (pAosh) Le 3(AusP) Le 9 (1iuh) Le _
s gy — | s 2 g = a:(T. — 4-16
fo 5 dz -fo y dz+J;) PP dz j; pia;(T, — T,)dz (4-16)

Applying Leibniz’s rule (see Appendix A) on the first term of Eq. (4-16) and integrating other

terms based on a constant cross sectional area and a constant heat transfer coefficient along the

tube [50]:
[d (Le ] Lea(P) Lea(mh) Le B
Acs a . ,thz_ —Acsjo sz-l-jo " dz =fo pia;(T, — T,)dz -
(4-17)
 le ] | ]
Acs dt . phdz| — AcsLeP + (Moyihour — Minhin) = Lepiai(Ty, — Tr)

In Eq. (4-17), the first term is the rate of change of enthalpy in the control volume, the second
term is a consequence of using enthalpy and not internal energy in the first term. The third and
fourth terms account for the convective enthalpy through the boundaries, and the last term is the
heat flow from the wall.

Assuming that working fluid mean enthalpy is h = —(h"”J’zh"“t)

, working fluid mean density is

p = p(P, h) and working fluid mean temperature is T, = T(P, h) and integrating the first term of

Eq. (4-17), it can be obtained [50]:
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Aeske [ S5 ORL)| = Acsk b + Gituehone ~ Triuhin) = Lepia (T = Tr) =
AcsLe ﬁ}_l + }_lﬁ] — AgsLeP + (Moyehour — Minhin) = Lepiai(Ty, — T) =
AL, -[(@ )d_P + <ap )dhl R+ hp
\6plr/ d
= Lep;iay(T, — T) =

)l

= Lepia;i(Ty, — Tr) -

AcsLep + (mouthout - minhin)

(4-18)

AcsL,

(2

)h] h + hp — AcsLe P+ (Mouthour — Minhin)

AcsLe [(Z_ﬂﬁ) h— 1] P + AcsLe [(%L) h + ,0_] }_l + (mouthout - minhin) =
Lepiai(Tw - 7Tr)

4.2.3.1.3. Energy Conservation at the Wall

The energy balance for the wall region is derived using a control volume analysis similar to
the energy balance analysis for the flow region. A simplified differential energy balance for the

wall is given in Eq. (4-19):

aT,, _
CprWAW ot = Diq; (T w) + PoQo (Tg - Tw) (4-19)
In Eq. (4-19), C,,, is specific heat capacity of tube wall, p,, is density of tube wall, A,, is the

annulus cross sectional area of tube wall, p, is the outer cross sectional perimeter of a tube in
which working fluid flows and «,, is convection heat transfer coefficient between SOFC exhaust
gas and tube wall.

Assuming Tg =Ty, (W) + T, (1 — u) where p is weighting factor, and integrating from z =

0 to z = L, (evaporator tube length) [50]:
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Le Le

Le oT,, _ _
f CprWAW?dz = f pia;(T,. —T,)dz + f Polo (Tg - Tw)dz -
0 0 0

aT, _ _
prpWAWLe a_:/ = Lepiai(Tr - Tw) + Lepoto (Tg - Tw) - (4-20)

aT, _ _
CprWAW 7 = piai(Tr - Tw) + Poyo (Tg —Tw)

In Eq. (4-20), the left hand side term accounts for the rate of change in internal energy. The

right hand side terms account for the heat transfer from the inside and the outside of the wall.

4.2.3.1.4. Energy Conservation Equation for SOFC Exhaust Gas Side

Based on the same assumptions for working fluid inside the tube, the model of the SOFC
exhaust gas is simplified by assuming constant pressure along the tube.
General differential energy balance is [50]:

d(pgAghy — AgP;)  0(mghy)
+
ot 0z

= Po@o(Tyy — Tg) (4-21)
In Eq. (4-21), p4 is SOFC exhaust gas density, A, is the cross sectional area in which the SOFC
exhaust gas is located inside the evaporator shell, h, is mean enthalpy of exhaust gas, F; is pressure

of exhaust gas and 7, is mass flow rate of exhaust gas.

Integrating from z = 0 to z = L, (evaporator tube length):

Le 9 (pgAghy) Le 9(AgP,) Le (g h) Le _
j(; sz_.’; TdZ-FJ;) TdZ_J(; poao(TW—Tg)dz

—_

d Le 3 (4-22)
Agpg lajo hdzl + mg(hg,out - hg,in) = Lepo@o(Ty, — Tg) -

dT, _ .
AglepgCp g dar Lepoa, (Tw - Tg) + mg(hg.in - hg,out) -
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dT, L
AglepyCp,g dt = Lepoao (TW - Tg) + gy (Tgin B Tgout)

In Eq. (4-22), Cp, 4 is specific heat capacity of SOFC exhaust gas.

4.2.3.2. Heat transfer Coefficient for the Working Fluid side in the Evaporator

In this study, as it was mentioned, the bulk model is used to model the working fluid inside the
evaporator. Thus, working fluid flows inside the evaporator has a uniform state along the tube. For
the single phase region, Gnielinski’s correlation is applied to calculate the working fluid Nusselt
number, and for two phase region, heat transfer coefficient is calculated by Wang-Touber’s
correlation [51].

In single phase flow, equation (4-23) is used to calculate working fluid Nusselt number.

f = (0.79 In(Re) — 1.64)~2

[ (6

([ (£)(Re—1000)Pr _

) 2 Re > 2300 (4-23)
Nu = £\ 2

| 1+127(f) ri-n

\4.36 Re < 2300

In two phase flow, equation (4-24) is used to calculate working fluid heat transfer coefficient.

Qyow 0<x<0.85

x — 0.85\°
aww|x=0.85 - (W) (aww|x=0.85 - av,all) 085<x=<1

atp =

(4-24)
1 0.45
Ayw = 3.4 (X_> Ofl'a”
tt
In equation (4-24), X, is Lockhart-Martinelli number which defines as:
1.75

a-()" @)

Where v;and v,, are specific volumes for saturated liquid and saturated vapor, respectively. y;

and u,, are dynamic viscosity for saturated liquid and saturated vapor, respectively. x is vapor mass
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quality. a; 4, is heat exchange coefficient off working fluid in a case that all the working fluid is
liquid and «, 4; is heat exchange coefficient off working fluid in a case that all the working fluid

IS vapor.

4.2.3.3. Boundary conditions
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Figure 4-5: Schematic of the Bulk Model for Evaporator

Figure 4-5 shows a schematic of the general bulk model. Liquid is entering with mass flow
rate m;, and enthalpy (h;,). In a system model, both of these terms are usually calculated in
adjacent models (pump) and are considered as known boundary conditions. Mass flow is leaving
the evaporator at a rate (), which is also usually calculated in a succeeding model (expander)
and is considered as a known boundary condition for this model. The boundary conditions
correspond to a design case, which may be changed as required. The evaporator is heated by the
SOFC exhaust gas. The other terms shown on the schematic are calculated in the model and are
thus results of the model. The design inputs and outputs are shown on Figure 4-6, where dependent
variables are those, which can be calculated from other output variables. The term “design” reflects
that inputs and outputs may be changed depending on the boundary conditions for a given

simulation task.
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Figure 4-6: Design Inputs and Outputs in the General Bulk Model for Evaporator

4.2.3.4. State Space Model for the Evaporator

Eq. (4-14), (4-18), (4-20) and (4-22) are governing equations for evaporator. Rewriting these

equations into a matrix form results in equation (4-26) which is known as state space form [50]:

ap ap
AcsLe (ﬁ H) AcsLe (ﬁ P) 0 0
AgL [(aﬁ )E 1] AgsL [(aﬁ )E+-] 0 0
csHe aP E csHe a}_l P p

0 0 Cp,, PwAw 0

0 0 0 AgLengp,g_e
[ min - mout 3 ]
minhin - mouthout + Lepiai(Tw - Tr)
= pi“i(Tr - Tw) + Po&%o (Tg - Tw)
Lepotto(Ty = Ty) + 1igCpg (Ty. =T, ) )

Assuming p = 0.5 in SOFC mean temperature [T, = Ty, (W) + Ty, (1 —

Tg = Tgm(‘u) + Tgout(l - 'u) -

N

Yout
Tg 2 ou

Jout — ZTQ - Tgin

———————

e e e ]

< |+ éﬂ' = SO

(4-26)

w)] results in:

(4-27)

Also, assume that the mean enthalpy of working fluid is defined as follow:
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(hin + hout)

h= 2 — hyyr = 2h — hyy (4-28)

Rewriting Eq. (4-26) using Eq. (4-27) and (4-28):

ap ap
AgsLe (ap ) AgsLe ( ) 0 0 [1?]
ap — h
AgL, [( ) —1] AgsL, [( )h+p 0 0 IT I
0 0 Cp,, PwAw 0 l*gL
0 0 0 AglepgCpgl, (4-29)

" ]
- mout(Zh - hin) + Lepia; (T 7‘) |
pi“'(T - ) + poao(T w)

l ePO“O(T )+2mgcpg(Tg _Tg) J

[ min - mout
[T
=|

e

Equation (4-29) can be rewritten as Z(x,u).x = f(x,, u.) form, in which matrix of state

parameters (x.), matrix of input parameters (u,), Z(x, u) and f(x,, u,) are as follows [50]:

xe=[P h T, T,]' (4-30)
U = [min Moy hin Tgin mg]: (4'31)
Z(x,u)
2p ap
AgsLe (a_P E) AgsLe (ﬁ P) 0 0
95 \ - BN (4-32)
= AL, [(5 ’_1) h— 1] AgsLe [(ﬁ . h+ p] 0 0
0 0 Cp,, P 0
0 0 0 AgLop,C

Ti_lin - mout _ ]
|minhin - mout(Zh - hin) + Lepla (T r) |
fCrerte) = piay(T, = T) + poao(T, = Ty) } (4-33)

Lepotto(Ty = Ty) + 21 Cog (T, —T,)

e
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4.2.4. Condenser Model

A condenser is a required part of the ORC system in which the working fluid losses its heat to
an exterior colder stream, such as an air stream. The dynamics of the condenser are caused by the
thermal inertia of the metal components and the fluid, as well as the mass inertia of the gas phase.
In the proposed model, the condenser is a cross flow shell and tube heat exchanger that is typical
of those used in an ORC system, which is shown in Figure 4-7. The model uses an exterior air
flow as the cold fluid while the refrigerant (R245fa) is the hot fluid. Corresponding inputs of the

condenser model are: mass flow rate and temperature of the exterior air stream and refrigerant.

~ N
\ \
\ \

h Working Fruid, In \ \ 1 Working Fluid, Out

Superheated Two Phase I Subcooled
—_— _
Zone :

Zone Zone

|

I

!

/ /

/ /
7’ 7’

Figure 4-7: Overview of the Condenser Model

Relevant phenomena to be modeled occurring in such heat exchangers, include the heat
transfer (convective) from the hot (shell) side to the cold (tube) side, energy accumulation in the
metal parts of the exchanger, mass and energy accumulation on both fluid sides of the exchanger
(e.g., exterior air stream and R245fa).
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Figure 4-8 shows how the temperature of the working fluid typically changes when it flows
through the condenser, indicating important points: The condenser outlet temperature (T,,;), the
saturation temperature (T,,;) and the difference between these two temperatures is the subcooled

temperature difference (AT,).

AT
Tm Tsat Tout
s V% L L
£
Superheated Two Phase Subcooled
Zone Zone Zone

Figure 4-8: Temperature profile of the fluid through the condenser

The modeling methodology for the condenser follows the same methodology as that of the
evaporator with a few changes. To simplify the model the same assumptions about the working
fluid flow are used.

4.2.4.1. Governing Equations

The derivation of governing equation for mass conservation, Energy conversion at working
fluid side, and wall side of condenser follows the same methodology as that of the evaporator with
minor changes. The detailed of derivation of Eq. (4-34), (4-35) and (4-36) can be found in

Appendix B.
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4.2.4.1.1. Mass Conservation at Working Fluid Side

| AcsLe ( )]P+[ACSL (

Where A, is cross sectional area of a tube in which working fluid flows. L. is the condenser

)] R+ (itgue — 1in) = 0 (4-34)

tube length, p is average density of working fluid in condenser, P is condenser working pressure,
h is average enthalpy of working fluid in condenser. ri;,, and ri,,,; are the mass flows through the

inlet and outlet boundaries, respectively.

4.2.4.1.2. Energy Conservation Equation at Working Fluid Side

AcsL [(6P| ) h— 1] P + Acch [(Z_ZL) h + ,5] }_l + (mouthout - minhin) =
(4-35)

Lepia(Ty, — T;)
Where p; is the inner cross sectional perimeter of a tube in which working fluid flows. «; is
convection heat transfer coefficient between working fluid and tube. T,,, is the evaporator tube wall
temperature. T, is working fluid mean temperature in condenser and h;,, and h,,,; are convective

enthalpies throughout the boundaries.

4.2.4.1.3. Energy Conservation at Wall Side
aT,, _
CprWAW ot = Diq; (T w) + PoQo (Ta - Tw) (4-36)

Where C,,, is specific heat capacity of condenser tube wall, p,, is density of condenser tube

wall, 4,, is annulus cross sectional area of tube wall, p, is the outer cross sectional perimeter of a
tube in which working fluid flows, «, is convection heat transfer coefficient between working

fluid and tube and T, is average temperature of cooling air passes through condenser.

4.2.4.1.4. Energy Conservation Equation for Air Side

The energy balance for the air is:
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macpa(Tain - Taout) = Lepoats (Ta - Tw) (4-37)
Where Cp, is specific heat capacity of air. (T, ) and (T,,,) are inlet and outlet air

temperatures respectively. m, is mass flow rate of air passes through condenser.

Aout

. . = Tay +T, .

Assuming that the mean air temperature is T, = % results in:
T, +T _
= % Tagye = 2Ta = Ta,, (4-38)

Substituting equation (4-38) in to equation (4-37) as follow:

macpa(Tain - 2Ta + Tain) = Lcpoa, (Ta —Tw) (4-39)
Calculating T, from equation (4-39):

MigCp

— <LCp0a0> 2Tain + TW

— (4-40)

a= m,C
1+2 <WOZZ>
4.2.4.2. Heat transfer Coefficient for the Working Fluid side of the Condenser
In this study, as it was mentioned, a bulk model is used to model the working fluid inside the
condenser. Thus, working fluid flows inside the condenser has a uniform state along the tube. The
model suggested by Cavallini and Zecchin [52] has a typical structure of a single heat transfer
correlation. This equation gives the local Nusselt number, but its use is also suggested to predict
the mean heat transfer coefficient over the whole tube length by referring to the arithmetic average

of the inlet and outlet values of (Regq).

k;
Aaphcona = 0.05 Red.2Pr %3 ) (4-41)

Where a;,n,cona IS tWo phase convective heat transfer coefficient between working fluid and

tube wall.
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In equation (4-41), Re,, is calculated as follow:

u pr\%°
Re., = Re, (u—’l’) <E) + Re, (4-42)

(Re;) and (Re,) are Reynolds numbers for liquid and vapor phases respectively. These

Reynolds numbers are defined as below:

R mD(l )
eg=——(1—x
YA

(4-43)
Re. — m D
eU - A ﬂv( )

4.2.4.3. Boundary condition

p

i
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Figure 4-9: Schematic of the Bulk model for Condenser

Figure 4-9 shows a schematic of the general bulk model. Gas is entering with mass flow rate
m;, and enthalpy (h;;,). In a system model, both of these terms are usually calculated in adjacent
model (expander) and are considered as known boundary conditions. Mass flow is leaving the
condenser at a rate (1m,,,;), which is also usually calculated in a succeeding model (pump) and is
considered as a known boundary condition for this model. The boundary conditions correspond to
a design case, which may be changed as required. The condenser is cooled by the air stream. The

other terms shown on the schematic are calculated in the model and are thus results of the model.
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The design inputs and outputs are shown on Figure 4-10, where dependent variables are those,

which can be calculated from other output variables.

Design Design
Inputs: Outputs:
rhin B
) houe
Moyt
P
hin = ——p| The General Bulk Model }— > — .
w
My :
Dependent Variables
Tair

Parameters

Figure 4-10: Design Input and Outputs in the General Bulk Model for Condenser

4.2.4.4. State Space Model for the Condenser
Eq. (4-34), (4-35) and (4-36) are governing equations for condenser. Rewriting these equations

into a matrix form results in equation (4-44) which is known as state space form [50]:

9p 3p
A..L.|— A. L. |— )
[ cs C(aP E) cs c(ah P> 0 p
0P| \ - 0P| \7 . - h
|Acch (Gl E-1] aste|GRL)R+2] o | [2]
0 0 oA, (4-44)

min - Thout _
= minhin - 7l./lout(hout) + ch_iai(Tw - Tr)
pia; (Tr - Tw) + Po&o (Ta - Tw)

-C

Assume that the mean enthalpy of working fluid is defined as follow:

(hin + hout)

h= > — hyyr = 2h — hyy (4-49)

Rewriting Eq. (4-44) using Eq. (4-45):
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[ et () GAl,) 1
i Acch oP 5 Acch af_l » 0 i P

9P| \ - |\~ - h
AL (— )h - 1] AL (—_ h ] 0 .
I cs c[apﬁ cstc ahp +p | Twc
| 0 0 Cppy Pt (4-46)

"_lm mout B
= minhin - mout(Zh - hin) + chiai(Tw - Tr)
piai(Tr - Tw) + Po%o (Ta - Tw) c

Eq. (4-46) can be rewritten as Z (x, u). x = f(x., u.) form, in which matrix of state parameters

(x.), matrix of input parameters (u.), Z(x,u) and f (x., u.) are as follows:

x.=[P h T (4-47)
U = [Min Moyt Nin Tain ma]cT (4'48)
(@) an(®) o]
i cstc P 5 cstc 671 b I
H0 = e Gl )R- 1] e[ GE )R+ | o
AL |\==| |h—1| A L. |\=—=| |h+ 0
I es™c|\gp , cskc onlp p |
| 0 0 CopyPrwAwl
Tﬁin - mout _
f(xc; uc) = minhin - mout(Zh - hin) + chiai(Tw - Tr) (4-50)
piai(Tr - Tw) + Do (Ta - Tw) c

4.2.5. Convection Heat Transfer Coefficient outside the Tube

The annularly finned tubes heat exchangers which are arranged in staggered manner are
utilized as evaporator and condenser in this ORC system (Figure 4-11 and Figure 4-12). The heat
transfer coefficient between the tube wall and SOFC exhaust gas for evaporator and heat transfer

coefficient between the tube wall and cooling air can be calculated by Eq. (4-51).

m m
Ao = Ao ap (m_> (4-51)

dp
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In EqQ. (4-51), a, is convection heat transfer coefficient in the evaporator and condenser outside
surface for variable mass flow rate m and «, 4, is design point convection heat transfer coefficient
in the evaporator and condenser outside surface for design point 7,4, and m is a coefficient based

on the number and arrangement of evaporator’s and condenser’s tubes inside the shell.

N

\

Figure 4-11: Schematic of High Finned Tubes Used in Evaporator and Condenser models

Horizontal
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Vertical Tube
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1 Refrigerant Flow
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Figure 4-12: Schematic of the Evaporator’s Annular Tubes Arranged in Staggered Manner

All finned tube heat transfer coefficient are obtained from the result of known experimental

correlations. Various researchers have conducted tests that have yielded different experimental
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relational forms, but with results that are phenomenologically similar. For the high finned tube
banks, heat transfer coefficient a, is calculated by Briggs and Young's experimental
correlations [53]:

0.296

1
A Do Gm 0.718 Cp U 3,Y (4-52)
w=013785-(=22) (%) (5)

In EQ. (4-52), G,,, is mass flux of SOFC exhaust gas or air through minimum flow area, H is
fin Height, Y is fin spacing. The heat transfer coefficient based on bare tube outer surface is then
obtained by:

Aodap = Ao BNy (4-53)

In the above equation, g is finned ratio and 7, is fin efficiency. Fin efficiency is due to a
temperature change through fin. (8) is defined as:

_ total surface(fin and origin)

4-54
outer surface ( )

4.2.6. Reservoir Model
The model of the reservoir can be represented by mass and energy balances of working fluid

as Eq. (4-55) and (4-56) respectively.

dm .
e (4-55)
dhres _ mres,i(hres,i - hres) - mres,o (hres,o - hres) (4-56)
dt Myec

In the above equations, (m,..s) is the mass of the reservoir’s fluid, (M;s;) and (1,5 ,) are
reservoir’s inlet and outlet mass flow rates and (hy¢s), (Rres ;) and (hyes ) are enthalpy of working

fluid inside the reservoir and inlet and outlet enthalpy of working fluid.
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The reservoir is considered large enough, SO (1M,.e5; = Myes,) AN (Rres o = hyes). SO, EQ. (4-

55) can be neglected and Eq. (4-56) simplifies to:

dhyes _ mres,o (hres,i - hres) (4_57)
dt Myes

As a consequence, the dynamics of the reservoir can be described by the state space equation
of x, = f(x,,u,) in which state parameters and input parameters are:
Xy = [hres]lw (4-58)

U, = [hres,i mres,o]z: (4'59)

4.2.7. Pump Model
Dynamic modeling of pump is much faster than that of evaporator, so for pump a static model
is used. The mass flow rate corresponding to different rotational speed in the pump is expressed

as follows [54]:

Ty _ Ny
e (4-60)

In Eq. (4-60), m,,, and N, ,, are nominal mass flow rate and rotational speed of pump and m,
is a variable mass flow rate corresponds to variable rotational speed (N,).

Positive displacement pump model used in this study follows the semi-empirical model
proposed by Quoilin et al. [55], which is based on the capacity factor of the pump which is defined

by:

mpy

X

pp = (4-61)

pcdouthax
In Eq. (4-61), pcq,,, is the density of working fluid in the condenser outlet and Vinax 1S
maximum pump volumetric flow rate.
In Eq. (4-61), X,,, is limited by the following boundary condition:

55



01<X,,<1 (4-62)

The pump internal isentropic efficiency is defined by:

Pev - Pcd
= 4-63
np 'DCdout(h’pout - hpin) ( )
In Eq. (4-63), P, and P4 are evaporator and condenser pressures and h, and h, . are
pump’s inlet and outlet enthalpy.
An empirical law provided is fitted by a third order polynomial in the form of:
Ny = ao + a1.log(Xyp) + az. log(pr)2 + as. log(pr)3 (4-64)
The outlet enthalpy of the pump can be described by:
Pev — lcd
h, =h, +——— 4-65
Pout Pin pcdoutnp ( )
Also, the pump work is obtained as:
U, (P — Pog)m
= p( ev cd) 14 (4-66)
Mp
In Eq. (4-66), U, is the working fluid’s average specific volume in the pump.
The obtained steady state model for the pump can be expressed in matrix form as follow:
Yp = fp (up) (4'67)
In equation (4-67) input and outputs are:
Up = [NP hpin Pev PCd pCdout]Z; (4_68)
. T
Yo = [mp hpout Wp ]p (4-69)

4.2.8. Expander Model
Experimental studies of small scale ORC units demonstrated that a scroll expander is a good

candidate for small scale power generation, because of its reduced number of moving parts,
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reliability, wide output power range, and broad availability. The oil-free scroll expander is the best
component for converting heat into mechanical energy. The dynamic response characteristics of
an expander are very fast compared with the dynamics of the evaporator, so that a steady-state
model is established for the scroll expander, in which the expansion losses are modeled by dividing

the expansion into two steps: Isentropic expansion and constant volume expansion [53].

WExpander

Isentropic Constant Volume
Expansion Expansion
S=constant ¢ V=constant
A
Iilin {Iilout
hin hout
Pexp,m
hexp,m
Vexp,m

Figure 4-13: Conceptual Scheme of the Expander Model

The isentropic expansion work and constant volume expansion work are calculated as follow:

K 1 K-1
wy = hexp,in - hexp,m = mpexp.invexp,in [1 - <_> ] (4-70)

rv,m

W2 = Vexpm (Pexp,m — Peona) (4-71)
In the above equations, w; and w, are specific expander’s works in isentropic expansion and

constant volume expansion parts, ey, in is the working fluid’s enthalpy at expander’s inlet, heyp, m
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is the working fluid’s enthalpy at isentropic expansion part outlet, K is the specific heat ratio,
Pesp.in @Nd Veyp in are pressure and specific volume at the inlet of expander. (r;,,,) is the ratio
between inlet pocket volume and outlet pocket volume and v,y », is the working fluid’s specific
volume at the outlet of isentropic expansion part.

Other losses caused by internal leakage, supply pressure drop, heat transfer and friction are
lumped into one single mechanical efficiency term, 7,,,,, thus the mechanical work of expander
can be obtained by summing w, and w, and multiplying by this efficiency. So, the total mechanical
work of the expander is:

W = gy X (W1 + W3) X Nexp (4-72)

Since the expansion is assumed adiabatic, then:

w

hexp,out = hexp,in - mexp (4-73)
The mass flow rate entering the expander is formulated by:
stNexp
Moy = ——— 4-74
exp 60Vexp,i ( )

In Eq. (4-74), V; is the swept volume of expander, N,,,, is the rotational speed of the expander
and f is the filling factor. The volumetric performance of the expander is represented by the filling
factor which is defined as the ratio between the measured mass flow rate and the mass flow rate
theoretically displaced by the expander.

Thus, a steady-state model is established by the following equation:

Yexp = fexp(Uexp) (4-75)

In Eqg. (4-75) input and outputs are:

Uexp = [Pexp,in vexp,in Pcond Nexp hexp,in]gxp (4-76)
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. : T
Yexp = [mexp w hexp,out] (4'77)

exp

4.2.9. Overall ORC Model
The overall model of the ORC is obtained by interconnecting each subcomponent model. The

input matrix of all the components is presented below.
U = [min mout hin Tgin mg]eT = [yp(]-) yexp(l) yp(z) Tgin mg]T (4'78)

ucz[min mout hin Tain ma]cT:[yexp(l) yp(l) yexp(s) Tain ma]T (4'79)

Upes = [Pres,i Mresolr = [f1(xc(2), yexp(S)) yp(l)]T (4-80)
uP=[NP hpw  Pev  Pea pCdout]g
(4-81)
=[Np Xpes(1) xc(1) xe(1)  fo(xc(1), x.(2))]"
Ugxp = [Pexp,in Vexp,in Peona Nexp hexp,in]gxp
(4-82)

= [xe(D)  f3(xe(1),%(2)) (1) Newp fa(xe(2),5,(2))]
In the above equations, [f; (xc(z),yexp (3)) = 2xc(2) = Yexp 3], [fa (xe(z),yp(z)) =
2x.(2) — y,(2)] and f,and f; are the working fluid’s properties which are calculated by using
properties of working fluid from Engineering Equation Solver (EES).

Figure 4-14 schematically depicts the inputs, outputs and disturbances in the ORC dynamic

model.
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Figure 4-14: Inputs, Outputs and Disturbances in the ORC Dynamic Model

The dynamic characteristic of the ORC system (state parameters) is described by:

x=[P he Tye T, P he Tye Bres| (4-83)
The input and output parameters of the overall system’s model are:
u=[Np Nexp Tay Ma] (4-84)
y=[Whee Tow P Tc] (4-85)
The disturbance vector d = [Ty, 7] stands for disturbances induced by the SOFC exhaust
gas. (my) and (Tgin) are the mass flow rate and temperature of the SOFC exhaust gas at the inlet
of the evaporator respectively.
The dynamic characteristic of the ORC (in state space form) is:
Zx =F (4-86)

In Eq. (4-86), Matrixes are defined as follow:
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o), B, 0 : : o
AgL, [(Z’; )h 1] e AL [(—;ZJ ) ] 0 0 0 0 0 0 (@-
0 0 (cpprAw)e 0 0 0 0 0
_ 0 0 0 AgLepyCpyg 0 0 0 0
: : oo @) G 0 o
0 0 0 0 AL[ h 1]] AL, —g)hp]] 0 0
0 0 0 0 0 (CpopwAn), ©
0 0 0 0 0 0 0 1
_ _ . (4-
x:[Pe he Tye Tg B he Ty, hres]
88)
(min - mout)e
(minhin — Moyt (2h — hyp) + Lep;a;(Ty, — ’Fr))e
(piai(Tr - Tw) + poao(Tg - Tw))e
(Lepoao (T = Ty) + 21y Cp g (T, — Tg)) @-
F= . . €
(min - mout)c 89)
(minhin - mout(Zh - hin) + chiai(Tw - Tr))c
(piai(T - w) + poao(Ta - Tw))c
m
n;"eso (hres,i - hres)
res

4.3. Absorption Chiller Modeling

The dynamic absorption chiller model was based upon a similar system configuration for a
Yazaki Energy, Inc. CH-KE4040 double-effect lithium bromide absorption chiller rated for 40
refrigeration tons (RT) [56]. A single-effect AC incorporates one generator with one heat
exchanger whereas a double-effect AC has two generators and multiple heat exchangers. The
second generator recovers leftover heat from the first generator which increases the overall system

coefficient of performance (COP). A system diagram is provided in Figure 4-15.
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Figure 4-15: Yazaki double-effect lithium bromide absorption chiller system schematic (Yazaki Energy, Inc., 2003)

Energy and mass conservation relations were applied to the AC model with the fluid properties
for water using data from The International Association for the Properties of Water and Steam,
1997 whereas the lithium-bromide (LiBr) fluid and thermal properties used were from the
American Society of Heating, Refrigerating and Air-Conditioning Engineers Fundamentals
Handbook, 1989. For example, in the first generator the energy balance used is given by Eqg. 3-
90 [17].

dE
genl . . . .
dt = mweakhweak + Qexh - mrefrighrefrig - mmedhmed (4_90)

Equation 3-90 describes the change in energy with respect to time in the generator for a weak
solution (hyyeahweax) that has added heat (Q.,5), the outlet energy of the generator is balanced
by the exiting refrigerant (1,.¢ rrighre rrigMretrighrefrig), Which is steam for a lithium-bromide AC,
and the medium solution (m,eqhmeq). Weak solution corresponds to a mixture of about 52% LiBr
in water, medium solution consists of about 56% LiBr, and strong solution consists of about 58%
LiBr in water. The thermal mass of the generator is significant and is considered with respect to

Equation 3-90.
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dEgenl _ dTgenl

dt - dt Mstoredcstored (4-91)

Mg:oreq 1N EQ. 3-91 corresponds to the mass of the first generator (stainless steel) and the fluids
contained therein. Cs:oreq COrresponds to the heat capacity of the generator and contained fluids.

The change in temperature considers a combination of Eqg. 3-90 and 3-91 as well as radiation heat

losses (Qyq4q)-

dTgenl _ Qgenl + mweakhweak - mrefrighrefrig - mmedhmed - Qrad (4_92)
dt MstoredCstored

The generator’s temperature is then calculated by integrating Eq. 3-92 with a specified initial
temperature of the generator with respect to time. Radiative heat losses (Q,,4) are calculated
according to Eq. 3-93.

Qrad = UA(T;em - T;mb) (4-93)

The area (A) corresponds to the surface area of the generator and ambient temperature is taken
as 30°C. A similar analysis is performed for each major component of the AC including the second
generator, condenser, and the absorber. Heat exchanger heat transfer calculations are based upon
the effectiveness-NTU method for a single pass, cross-flow heat exchanger. MATLAB Simulink
was used to simulate the dynamic operation of a chiller under the exhaust conditions of the SOFC
system [36].

The combined utilization coefficient used to evaluate the overall system efficiency is given by:

WSOFC + Qcooling
Nfuel- LHVfuel

Heep = (4-94)
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5. RESULTS

5.1. Overview

In this study, the possibility of using a highly efficient, zero emission solid oxide fuel cell
(SOFC) system that can be dynamically dispatched to produce electricity and cooling in various
amounts to meet energy and electricity demands is investigated. Although SOFC systems exhibit
high electrical efficiency, in practical applications almost half of the fuel energy is converted to
heat. The SOFC high temperature (high quality) heat can be used as the primary thermal energy
source to supply cooling or heating or to produce extra electricity through a bottoming cycle. In
this study the waste heat from the fuel cell is captured and processed through an organic Rankine
cycle (ORC) to produce extra electricity, and then the exhaust goes through an absorption chiller
to provide cooling for meeting a cooling demand.

In the first section the SOFC dynamic model is verified by comparison to the measured
performance of two commercially available 1.5kW and 2.5kW SOFC systems from SOLIDpower
S.p.a. Then, a complete ORC cycle is designed based upon the desired outputs and the SOFC
steady state working condition. In the next section, the ORC model is verified by comparison to
data from a Zhang et al. study [53] in two scenarios. Then, a case study which includes the data
from an Irvine residential apartment complex is introduced. Steady state and dynamic operation of

the integrated system to meet this demand is explained in the last section.

5.2. Solid Oxide Fuel Cell Dynamic Model Verification

Two different commercially available SOFC systems were used to verify the model. The first
one is the BlueGEN CHP unit, originally manufactured by Ceramic Fuel Cells Ltd (CFCL).
BlueGEN is a commercially available SOFC CHP system, now built and sold by SOLIDpower,

designed for small- to medium-scale building applications. Operating on natural gas, the unit can
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produce power modulated from 500We (25%) to 2kWe (100%); however, it achieves its highest
net electrical efficiency of 60% at a 1.5kWe output. As a result, SOLIDpower has optimized the
default operation of the unit at 1.5kWe to provide the highest electrical efficiency and thus greatest
economic benefit to the user. The BlueGEN SOFC unit consists of 51 planar type YSZ (Yttria-
stabalised Zirconia) electrolyte-supported cell layer sets (each layer consist of 4 cells), and
operates at around 750°C. Hydrogen is produced from natural gas by internal steam reforming
(endothermic) on the fuel cell anode, utilizing the heat and water of the electrochemical reactions
(exothermic). The BlueGEN SOFC unit is installed at The National Fuel Cell Research Center
(NFCRC) as shown in Figure 5-1. Table 5-1 shows the main technical data for the BlueGEN as

published on the SOLIDpower website [57]:

Table 5-1: Technical data for the BlueGEN

Parameter Value
Operation mode Power-led, continuous (approx. 8,700h per year)
Fuel type Natural gas, bio-methane

Fuel cell technology

SOFC (Solid Oxide Fuel Cell)

Fuel consumption 2.51kwW

Electrical efficiency Up to 60 % (1.5kW)
Thermal efficiency Up to 25 % (0.6kW)
Overall efficiency Up to 85 %
Electrical energy generated per year | ~ 13,000kWhe
Thermal energy generated per year | ~ 5,220kWhth

Control

Remote monitoring and control via Internet

Weight, Dimensions (H x W x D)

195kg, 1,010 x 600 x 660mm

Noise level

< 47db (A)

Service interval

12 months
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Figure 5-1: 1.5 kW BlueGEN installed in the NFCRC laboratory

The second SOFC system used for model verification is the EnGen 2500 mCHP (micro-
Combined Heat and Power) unit designed and produced by SOLIDpower, for residential use or
small-scale commercial applications. The Engen-2500 system is a floor-standing unit generating
a maximum of 2.5 kWe of net AC power at 50% efficiency, combined with a high amount of
cogeneration potential and efficiency (90%). EnGen can run solely on natural gas fuel from the
grid at normal supply pressure. When integrated for mCHP purposes, the system is controlled by
the heat available at output, meaning the integrated system controller modulates power output
following a heat demand command from an external energy manager. As an alternative, the system
can also be operated in load-following heat-capped mode where the power can be modulated
between 30% and 100% of total rated stack power [58]. The EnGen-2500 SOFC unit is installed
at The National Fuel Cell Research Center (NFCRC) as shown in Figure 5-2. Table 5-2 shows the

main technical and operational data for the Engen-2500 as published on the SOLIDpower website:

Table 5-2: Technical and operational data for the Engen-2500
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Parameter Value
Maximum electric AC power 2.5[kW]
Nominal electrical power range 2.0-2.5[kW]
Electrical modulation range 30-100 [%]
Energy efficiency (AC power, LHV) >50 [%]
Cogeneration efficiency (H20 Temp. @ 30°C) | >90 [%]

Maximum measurements of installation space

1.2x15x17m (WxL
X H)

Weight <350[kg] or <772[lIbs]
Electrical connection Grid network
Fuel Natural gas grid

Operation modes

Baseload/Load-following
heat-capped CHP mode

Thermal cycles per year

10

Start-up time <8[hrs]
Recommended thermal storage volume >300[L]
Return water temperature 30-70[°C]
Noise <50[dB(A)]
Maintenance interval 1[yr]

Figure 5-2: EnGen 2500 SOFC System installed in the NFCRC laboratory
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These two SOFC systems (BlueGEN & EnGen) have been used for verification of the

developed model.

5.2.1. SOFC Model Verification with BlueGEN

Some of the parameters and design operating conditions of the commercial 1.5kW SOFC are
listed in Table 5-3. Input parameters of the developed model are adjusted according to the
operating condition of the 1.5kW BlueGEN. Figure 5-3 depicts voltage-current density (V-j)
curves for the developed SOFC model. The highlighted point on Figure 5-3 shows the voltage and
current density of the BlueGEN system at steady state condition. The steady state performance
parameters of the model and BlueGEN are listed in Table 5-4. Data in Table 5-4 show that the

developed model is simulating the behavior of BlueGEN quite accurately. The exhaust temperature

and exhaust mass flow rate of the system in steady state mode is 81°C and 0.0089 % respectively.

Table 5-3. SOFC Parameters and Design Operating Condition

Parameters Value
Power output 1.5kW
Power Density 230mW/Cm?
Fuel Utilization 0.85

Steam to Carbon Ratio 2

Total Cell Active Area 34.81cm?
Delta T Stack 50
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Figure 5-3: Voltage-Current Density Curve of BlueGEN Simulation Model
Table 5-4: Steady State Performance of SOFC
Parameter Simulation model BlueGEN
Operating Voltage 0.838V 0.833V
Current Density 0.274A/cm? 0.28A/cm3
Stack Efficiency 68.5% 69%

5.2.2. SOFC Model Verification with EnGen

The parameters and design operating conditions of the commercially available 2.5kW EnGen
SOFC are listed in Table 5-5. Input parameters of the developed model are adjusted according to
the operating conditions of the EnGen SOFC. Figure 5-4 depicts voltage-current density (V-j)
curves for both the EnGen SOFC system and the developed model. As shown in Figure 5-4, the
V-j curve obtained from the model follows the measured SOFC V-j curve accurately. The steady
state performance parameters of the model for simulating this 2.5kW SOFC system are listed in
Table 5-6. Note that the EnGen system only operates in a range of current density from about 0.25

to 0.50A/cm?. The model well matches the performance in this entire range.
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Table 5-5: SOFC Parameters and Design Operating Condition

Parameters Value
Fuel Utilization 0.75
Steam to Carbon Ratio 2.2
Cell Area 80cm?
Anode Thickness 240e-6m
Cathode Thickness 40e-6m
Electrolyte Thickness 8e-6m
SOFC Stack Average Temperature 1023K
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Figure 5-4: Comparison of SOFC model and experiment voltage
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Table 5-6: SOFC Steady State Performance Parameters

Parameters Value
Voltage 0.79v
Current Density 0.34A/cm?
Electrical Efficiency 50%
Exhaust Gas Temperature 570K
Exhaust Gas Mass Flow Rate 0.0078Kg/sec

5.3. ORC Design

5.3.1. Overview

In order to dynamically model an ORC cycle, first of all, a complete ORC cycle should be
designed based upon the desired outputs and the measured SOFC steady state working condition,
called the nominal condition. In this study, a 400kW SOFC is used to meet Verano Place
community demand (case used in this study). The designed unit is a 25kW ORC consisting of five
key components: Evaporator, Expander, Condenser, Reservoir and Pump. Selection of the working
fluid was found to be a constraining factor in the design. R245fa was selected due to its desirable
performance and high safety. The heat source for the system is the SOFC exhaust gas. Heat is
transferred to the working fluid in a shell and tube heat exchanger. Cooling is supplied to the shell
and tube heat exchanger from the air supply. A scroll expander is used to extract work from the

system.

5.3.2. Conceptual Design

5.3.2.1. Working Fluid
To further develop the conceptual design of the ORC system the potential working fluids need

to be determined. The working fluid is a limiting factor in ORC design as it affects the
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thermodynamic design and performance of all components within the system. The refrigerant also
influences the required pressure rating and material type of all components in the system. R245fa
is selected due to its desirable performance and high safety. The refrigerant offers several benefits
over water, such as the lower boiling temperature at condenser working pressure based upon
pressure-temperature space in liquid-gas phase diagram. This is beneficial to the system
performance as it means the vapor flowing through the turbine is not a wet mixture. Table 5-7

presents the thermo-physical properties of R245fa.

Table 5-7: Critical Properties of R245fa

Molecular Formula CF;CH,CHF,
Molecular Weight 134.05g/mol
Critical Pressure 3640kPa
Critical Temperature 427.2K
Critical Density 517kg/m3

5.3.2.2. Evaporator

An annularly high finned shell and tube heat exchanger is typically used as the evaporator for

this size of ORC system. Figure 5-5 schematically shows the evaporator concept used in the current

Working Exhaust
Fluid Gas

ORC cycle.

U 3

Figure 5-5: Schematic View of the Evaporator

Table 5-8 shows the physical properties of the SOFC exhaust gas.
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Table 5-8: SOFC Exhaust Gas Properties

Specific Heat Capacity (Cp) 874.5[J/kgK]
Thermal Conductivity (k) 0.0414[W/m.K]
Dynamic Viscosity (W) 2.8e-5[Pa.s]
Prandtl number (Pr) 0.59

For a 400kW SOFC which is used as a case study in this study, the designed mass flow rates,
temperatures and pressures of SOFC exhaust gas and working fluid are depicted in Table 5-9.

Exhaust gas energy is recuperated in an ORC cycle which is a bottoming cycle of the SOFC.

Table 5-9: Fluid States in the Evaporator

Exhaust Gas Mass Flow Rate 1.269[kg/s]
Exhaust Gas Inlet Temperature 592.2[K]
Exhaust Gas Outlet Temperature 343.5[K]
Working Fluid Mass Flow Rate 1[kag/s]

Working Fluid Inlet Temperature 309.85K
Working Fluid Outlet Temperature | 422.87K
Working Fluid Pressure 2212kPa

The evaporator is sized using thermodynamic calculations for heat transfer. Table 5-10 shows

the geometric parameters of the designed evaporator.

Table 5-10: The Designed Evaporator Geometric Parameters

Evaporator Height 0.87(m)
Evaporator Width 1.84(m)
Evaporator Depth 0.87(m)
Tube Inner Diameter (Dj) 0.02(m)
Tube Outer Diameter (Do) 0.025(m)
Horizontal Spacing 0.084(m)
Vertical Spacing 0.084(m)
Fin Spacing (Y) 0.007(m)
Fin Height (H) 0.015(m)
Number of Tubes per Row (NL) 8
Number of Tubes per Column (Nt) | 8
Number of Baffles 8

Figure 5-6, Figure 5-7 and Figure 5-8 show the designed evaporator.
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Figure 5-6: The Designed Evaporator and fluids’ path

Figure 5-7: 3-D View of the Designed Evaporator
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Figure 5-8: Different Views of the Designed Evaporator

5.3.2.3. Expander
The expander (or turbine) is typically the most costly component in an ORC system as it needs

to be precision engineered. The turbine is the most vital element in an ORC system as it allows
work to be extracted from the fluid energy via an expansion process. The energy is converted to
mechanical shaft energy which is finally converted into electricity by an electrical generator. The

turbine needs to be selected carefully to maintain optimum system efficiency. A scroll expander is
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used to extract work from the system. The expansion process is modeled by dividing the expander
into two steps: Isentropic expansion and constant volume expansion following the method of

Zhang et al. [53]. Figure 5-9 schematically shows expander in the ORC cycle.

VvExpander

i)

P

Isentropic Constant Volume
Expansion Expansion
S=constant @ V=constant
4
lilin {Ihnul
hi“ 11oul’
Pexp,m
hvxp,m
V('Xp,lll

Figure 5-9: Schematic View of the Expander

Table 5-11 presents the mass flow rate, enthalpy, specific volume, pressure and other

specifications of the designed expander and the working fluid inside it.

Table 5-11: Working Fluid State Parameters and Expander Specifications

Working Fluid Mass Flow Rate 1[kg/s]
Working Fluid Inlet Enthalpy 512.89[kJ/kg]
Working Fluid Inlet Pressure 2212[kPa]
Working Fluid Inlet Temperature 422.87[K]
Working Fluid Inlet Specific Volume 0.0088[m°/kg]
Working Fluid Pressure in the Middle of two Steps 347.56[kPa]
Working Fluid Specific Volume in the Middle of two Steps 0.0438[m%/kg]
Working Fluid Outlet Enthalpy 493.49[kJ/kg]
Working Fluid Outlet Pressure 263.9[kPa]
Working Fluid Outlet Temperature 372.67[K]
Expander Efficiency 0.8
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5.3.2.4. Condenser

An annularly high finned shell and tube heat exchanger is typically used as a condenser for

this size of ORC system. Figure 5-10 schematically shows the condenser used in the current ORC

Working Cooling
Fluid Air

cycle.

¢ .

Figure 5-10: Schematic View of the Condenser

Table 5-12 shows the physical properties of cooling air.

Table 5-12: Cooling Air Properties

Specific Heat Capacity (Cp) 1.0064[kJ/kgK]

Thermal Conductivity (k) 0.0256[W/m.K]

Dynamic Viscosity (L) 1.8248e-5[Pa.s]

Prandtl number (Pr) 0.71

The designed mass flow rates, temperatures and pressures of cooling air and working fluid are

depicted in Table 5-13.

Table 5-13: Fluids’ States in Condenser

Cooling Air Mass Flow Rate 18[kg/sec]
Cooling Air Inlet Temperature 298[K]
Cooling Air Outlet Temperature 311.6[K]
Working Fluid Mass Flow Rate 1[kg/sec]
Working Fluid Inlet Temperature 372.67[K]
Working Fluid Pressure 263.9[kPa]

The condenser is sized using thermodynamic calculations for heat transfer. Table 5-14 shows

the geometric parameters of the designed condenser.
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Table 5-14: The Designed Condenser’s Geometric Parameters

Evaporator Height 1(m)
Evaporator Width 2.08(m)
Evaporator Depth 1(m)
Tube Inner Diameter (Di) 0.02(m)
Tube Outer Diameter (Do) 0.025(m)
Horizontal Spacing 0.075(m)
Vertical Spacing 0.075(m)
Fin Spacing (Y) 0.007(m)
Fin Height (H) 0.015(m)
Number of Tubes per Row (NL) 10
Number of Tubes per Column (NT) | 10
Number of Baffles 10

Figure 5-11, Figure 5-12 and Figure 5-13show the designed condenser.
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Figure 5-11: The Designed Condenser and fluids’ path
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Figure 5-12: 3-D View of the Designed Condenser
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Figure 5-13: Different Views of the Designed Condenser

5.3.2.5. Pump
The ORC feed pump is used to provide the evaporator with a constant supply of liquid.

Typically a centrifugal pump would be used in a large scale ORC as the flow and pressure
requirements could easily be matched.
Table 5-15 presents the mass flow rate, enthalpy, pressure and other specifications of the

designed pump and the working fluid inside it.

Table 5-15: Working Fluid State Parameters and pump Specifications

Working Fluid Mass Flow Rate 1[kg/s]
Working Fluid Inlet Pressure 263.9[kPa]
Working Fluid Outlet Enthalpy 248.62[kJ/kg]
Working Fluid Outlet Pressure 2212[kPa]
Working Fluid Outlet Temperature 309.85[K]
Pump Efficiency 0.82

5.4. Organic Rankine Cycle Dynamic Model Verification

In order to verify the developed dynamic model, the dynamic input data (exhaust gas mass
flow rate and exhaust gas temperature) of the Zhang et al. study are used [53]. In this article, Zhang
et al. used two different distributions for exhaust gas mass flow rate and exhaust gas temperature.

Both of these two different input data are used to verify the developed dynamic model in our study.
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As the organic Rankine cycle in the mentioned article was designed for a nominal operating
condition different than the current study, both the exhaust gas mass flow rate and temperature
dynamic variation around its nominal condition should be scaled around the nominal condition of
the designed organic Rankine cycle in this study and then they should be used as input disturbances
for the developed ORC dynamic model. The obtained output power, pump rotational speed and
expander rotational speed in this study should be scaled and then compared to those one in [53] to

see how well the results compare to those produced by the current dynamic model.

5.4.1. Reference Used for Verification of Dynamic Model of Organic Rankine Cycle

Zhang et al. [53] developed a dynamic model for an Organic Rankine Cycle which is shown
in Figure 5-14 which is based upon a moving boundary method for the evaporator and condenser.
It used a proposed generalized predictive control to enable the cycle to deeply utilize waste heat
and keep the process variables within safe operating limits, simultaneously. In order to deeply
recover the waste heat, the cycle adapts to the variations of the heat source temperature and flow
rate while the developed control strategies ensure that the ORC process variables are maintained

within appropriate ranges.

Evaporator

Exhawst — —_—

Working fluid

SCO=

Pump

Figure 5-14: Organic Rankine Cycle Used in [53]
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Table 5-16: The Nominal Operating Condition in [6]

The nominal operating conditions in [53] are listed in Table 5-16.

P, 255kPa
P, 2000kPa
Mexhaus gas 7.44Kkg/s
Texhaus gas,i 573K
Texhaus gas,o 353K
n.lcooling air 7-4‘4‘kg/5
Npump 2850r/min
Nexpander 1500r/min
T,y 17K
Power 100kW

5.4.2. First Scenario Used for Verification

The first disturbance scenario (exhaust gas mass flow rate and temperature) used in [53] is
shown in Figure 5-15. As it is obvious in this figure, in the first part (O to 500s), only the variation
of exhaust temperature is taken into account while exhaust mass is considered to have its nominal
value. In the second part (500 to 1000s) of this figure, exhaust temperature is considered to be
constant and variation of exhaust mass is investigated. And, in the last part (1000 to 1500s)

variation of both exhaust temperature and mass are taken into account and their effects on the

output power and other manipulated parameters are investigated simultaneously.
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Figure 5-15: Fluctuation of Waste Heat in the First Scenario Plotted Versus Time in Seconds (s) [53]

Exhaust gas mass flow rate and exhaust gas temperature variation versus time should be
captured from Figure 5-15 and used as input disturbances to validate our developed dynamic
model. The Get-Data Graph Digitizer software was implemented to capture the required data from
Figure 5-15.

The effect of the considered disturbance (Figure 5-15) on the Zhang et al. ORC model output

power is presented as Figure 5-16 [53].
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Figure 5-16: Variation of Output Power in the First Scenario Plotted Versus Time in Seconds (s) [53]

Manipulated variables (pump rotational speed, expander rotational speed and mass flow rate

of cooling air) are obtained from [53] and presented in Figure 5-17.
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Figure 5-17: Variation of Manipulated Variables in the First Scenario [53]

5.4.2.1. Scaling of the Disturbance
As it was said, the disturbance used in [53] should be scaled based upon the nominal operating

conditions (design parameters) used in this study. Figure 5-18 depicts the scaled disturbance which

should be used to verify the proposed dynamic model in this study with the results in [53].
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Figure 5-18: The Scaled Disturbance in the First Scenario

5.4.2.2. Verification Results

The developed dynamic model uses the disturbance in Figure 5-18 as its input and the output
power is captured. The captured output power is scaled based upon the nominal output power
in [53]. Figure 5-19 shows both the variation of output power in [53] and the scaled variation of
output power obtained from the current dynamic model. The percentage root mean square error

(%RMSE) is only 1.41%.
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Figure 5-19: Compatibility of Output Work Variation in This Study and [53] in the First Scenario

As it can be seen, the variation of the obtained power is highly compatible with the results
shown in [53]. The presented small differences are likely due to the differences in the two dynamic
models (e.g., moving boundary versus bulk models for the evaporator and condenser) and the
control system that is used in [53].

Figure 5-20 and Figure 5-21 present the variation of both pump rotational speed and expander
rotational speed in the used reference [53] and the scaled ones which are obtained from our
dynamic model. As shown in these figures, these obtained rotational speeds are as compatible as

the output power data of [53].
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Figure 5-20: Compatibility of Pump Rotational Speed Variation in This Study and [53] in the First Scenario
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Figure 5-21: Compatibility of Expander Rotational Speed Variation in This Study and [53] in the First Scenario
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Figure 5-22 shows the variation of mass flow rate of cooling air in the used reference [53] and
the scaled one which is obtained from our dynamic model. As shown in this figures, the obtained
mass flow rate of cooling air is quite compatible with the one in [53], although the match is not as

good as that associated with the other dynamic operating parameters shown.

Cooling Air Mass Flow Rate
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=== Coo0ling air mass flow rate in developed Model
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5 | |
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t(s)
Figure 5-22: Compatibility of Mass Flow Rate of Cooling Air Variation in This Study and [53] in the First Scenario

5.4.3. Second Scenario Used for Verification
The data associated with the second disturbance scenario (exhaust gas mass flow rate and

temperature) used in [53] are presented in Figure 5-23.
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Figure 5-23: Fluctuation of Waste Heat in the Second Scenario Plotted Versus Time in Seconds (s) [53]

Exhaust gas mass flow rate and exhaust gas temperature variation versus time should be
captured from Figure 5-23 and used as an input disturbance to validate our developed dynamic
model. The Get-Data Graph Digitizer software is implemented to capture the required data from
Figure 5-23.

The effect of the considered disturbance (Figure 5-23) on the ORC output power is presented

as Figure 5-24 [53].
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Figure 5-24: Variation of Output Power in the Second Scenario [53]

Manipulated variables (pump rotational speed, expander rotational speed and mass flow rate

of cooling air) are obtained from [53] as presented in Figure 5-25.
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Figure 5-25: Variation of Manipulated Variables in the Second Scenario [53]

5.4.3.1. Scaling Disturbance
As it was said, the disturbance used in [53] should be scaled based upon the nominal operating

conditions (design parameters) used in this study. Figure 5-26 depicts the scaled disturbance which

should be used to verify the proposed dynamic model in this study with the results in [53].
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Figure 5-26: The Scaled Disturbance in the Second Scenario

5.4.3.2. Verification Result

The developed dynamic model uses the disturbance in Figure 5-26 as its input and the output
power is captured. The captured output power is scaled base on the nominal output power in [53].
Figure 5-27 shows both the variation of output power in [53] and the scaled variation of output
power obtained from our proposed dynamic model. The percentage root mean square error

(%RMSE) is only 1.49%.
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Figure 5-27: Compatibility of Output Work Variation in This Study and [53] in the Second Scenario

As it can be seen, the variation of the obtained power is highly compatible with the results
shown in [53]. The presented small differences are likely due to the differences in the two dynamic
models dynamic model (e.g., moving boundary versus bulk models for the evaporator and
condenser) and the control system which is used in [53].

Figure 5-28 and Figure 5-29 present the variation of both pump rotational speed and expander
rotational speed in the used reference [53] and the scaled ones which are obtained from our
dynamic model. As shown in these figures, these obtained rotational speeds are as compatible as

the output power data presented in [53].
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Figure 5-28: Compatibility of Pump Rotational Speed Variation in This Study and [53] in the Second Scenario
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Figure 5-29: Compatibility of Expander Rotational Speed Variation in This Study and [53] in the Second Scenario
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Figure 5-30 shows the variation of mass flow rate of cooling air in the used reference [53] and
the scaled one which is obtained from our dynamic model. As shown in this figures, the obtained
mass flow rate of cooling air is quite compatible with the data of [53], although (again) not as

closely matching the data of Zhang et al. [53].
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Figure 5-30: Compatibility of Mass Flow Rate of Cooling Air Variation in This Study and [53] in the Second Scenario
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5.5. Case Study

In this study, measured dynamic power demand data from a residential complex (VVerano Place,
VP) located in Irvine California are used as an input to evaluate the dynamic operation of the
integrated SOFC-ORC model. Figure 5-31 shows the actual total power demand of the VP
residential complex for a week from Monday July 25" to Sunday July 31 with 1 hour resolution,
respectively. Data are used from EnergiStream Live Demand Dashboard. As it is clear from the
plot the trend of demand is similar for each day. The demand is higher on week days and lower
demand is observed on weekend days. The demand profiles of Monday July 25" and Sunday July
30", with the highest and lowest demand in the week, are used for the current simulations.
Figure 5-32 and Figure 5-33 show the actual total power demand of the VP residential complex

from July 25" to July 30™ for 24 hours with 15-minute resolution, respectively.

600 i i e

e
T L T R R e Y

T T T T T

N

Demand (kW)
e

T T N

i
i
'
i
i
i
i
4
4
4
'
i
i
4
4
i
i
i
4
4
4
i
i
i
4
4
'
i
i
4
4
4
i
i
4
4
4
'
i
'

.
T
e

Mon 25 Tue 26 Wed 27 Thu 28 Fri 29 Sat 30 Sun 31

Figure 5-31: Actual Total Power Demand of the VP Residential Complex for a week from Monday to Sunday
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Figure 5-33: Actual Total Power Demand of the VP Residential Complex on July 30th for 24 hours

Electricity demand varies between 274.5kW and 540.3kW on July 25 and between 252kW and
470kW on July 31. The demand is higher in the evening when all the residents are home and using
electric devices, as expected. During the week the demand is higher than that of the weekend.

Looking at the total demands of the complex gives a less dynamic demand in comparison to single
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home, which is good for achieving high capacity factor and less dynamic ramping requirements
for the current power and cooling generation system.

It is assumed that a 400kW SOFC is used to meet most of the Verano Place community
demand. A portion of the remaining demand will be provided by the ORC system and the rest will
be met by the grid. As a result, different scenarios are considered for dispatching the integrated
SOFC-ORC model including actual and bounded VP power demand as shown in Figure 5-34 and

Figure 5-35 for a week day and weekend day, respectively.
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Figure 5-34: Total Electricity Demand and Bounded Electricity Demand by 400 kW for weekday

97



Total Electricity Demand Weekend
T

500 T
===\/P Electricity Demand
— VP Demand Bounded (300 kW up to 400 kW)
450
< 400
=
o
[}
g 350+
28

250 1 | L
0 5 10 15 20

Hour
Figure 5-35: Total Electricity Demand and Bounded Electricity Demand by 400 kW for weekend

5.6. Integrated System Steady State Operation
The integrated system has been designed for a 400kW SOFC and a 25kW ORC system.
Table 5-17 and Table 5-18 show the steady state operation condition of the SOFC system and ORC

system.

Table 5-17: Steady State Operation Condition of the SOFC

Parameter Value
Fuel Utilization 75[%]

Air Utilization 15[%]
Operating Voltage 0.79[V]
Current Density 0.34A/cm?
Stack Efficiency 50[%]
Power Output 364[kwW]
Exhaust Gas Temperature 592.2[K]
Exhaust Gas Mas Flow Rate | 1.269[kg/s]
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Table 5-18: Steady State Operation Condition of the SOFC

Parameter Value
Evaporator Pressure 2212[kPa]
Evaporator Temp 400[K]
Superheat 22.7[K]
Condenser Pressure 264[kPa]
Condenser Temp 314[K]
ORC Flow Rate 1[kg/s]
Power Output 26.5[kW]
Efficiency 10[%]
Exhaust Gas Outlet Temperature 344[K]

5.6.1. Effect of Fuel Utilization on Steady State Operation

Figure 5-36 to Figure 5-42 show the effects of fuel utilization (FU) on steady state operation
parameters. Figure 5-36 presents the effect of FU on total power output of the SOFC. Electrical
power generated from the SOFC system reduces less significantly with the increase in fuel
utilization factor at low FU values, whereas the generated electrical power decreases more rapidly
at higher FU values due to a decrease in air utilization that is forced by higher operating

temperatures due to increased heat production (electrochemical losses increase) at higher FU,

which causes more blower work.
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Variation of SOFC Power Output Versus Fuel Utilization
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Figure 5-36: Effects of Fuel Utilization on SOFC Power Output
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Figure 5-37 shows that increasing fuel utilization increases the efficiency of SOFC system due
to decreasing the amount of fuel mass flow that is electrochemically oxidized versus combustion
conversion in the anode tail-gas oxidizer (ATO) for use in the balance of plant. Efficiency increases

from 43% to 49% by increasing FU from 0.7 to 0.85.
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Figure 5-37: Effects of Fuel Utilization on SOFC Efficiency

Figure 5-38 and Figure 5-39 show the effects of FU on SOFC exhaust gas temperature and
mass flow rate. Increasing FU causes a decrease in the amount of fuel leaving the anode
compartments of the fuel cell stack. Because of this, less fuel is available in in the oxidizer to burn,
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so that the exhaust gas temperature decreases. On the other hand, air utilization is decreased by
increasing fuel utilization, and as a result more air leaves the cathode outlet and enters the oxidizer.
This causes an increase in exhaust mass flow rate with increasing FU, as shown in Figure 5-309.
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Figure 5-38: Effects of Fuel Utilization on SOFC Exhaust Gas Temperature
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By increasing the FU the potential for transferring heat to the ORC working fluid decreases,
which causes less power to be produced in the ORC (see Figure 5-40). Figure 5-41 shows that the
total power output decreases by increasing the FU of the SOFC. Total efficiency increases by
increasing FU due to increased electrochemical production of power in the SOFC, which is more
efficient than the heat-engine production of power in the ORC.
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Figure 5-40: Effects of Fuel Utilization on ORC Power Output
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Figure 5-41: Effects of Fuel Utilization on Total Power Output
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Figure 5-42: Effects of Fuel Utilization on Total Efficiency
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5.7. Dynamic Operation
The results of dynamic operation for two different days of the week with highest demand

(workday) and lowest demand (weekend) are presented in this section.

5.7.1. Workday Load Dynamic Operation

The electricity demand shown in Figure 5-32 is used as a desired demand applied to the
spatially resolved dynamic SOFC model. Demand has been applied to the model in two scenarios:
full load (Figure 5-43), and as a load bounded by 400kW (Figure 5-44). SOFC model results
(Figure 5-43 and Figure 5-44) show that the SOFC stack generated output power follows the
desired demand quite closely. The difference between the total output and desired demand is due

to the dynamic blower electricity use.
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Figure 5-43: SOFC model stack and total power output following the residential electricity demand
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Figure 5-44: SOFC model stack and total power output following the bounded residential electricity

Figure 5-45 depicts the variation of electrical efficiency versus time. Electrical efficiency
varies between 47% and 43% for the full load scenario and between 47% and 45% for the bounded
load scenario. The average efficiency during dynamic operation is 45% and 46% for full load and
bounded load scenarios, respectively. As expected, the highest efficiency occurs at the time of
significant decrease in the power demand. There is a sharp decrease in the efficiency at full load

during the time of running system at higher power than the design point.
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Figure 5-45: Variation of SOFC electrical efficiency versus time

Temperature and mass flow rate of the SOFC exhaust gas versus time are presented in
Figure 5-46 and Figure 5-47, respectively. In the SOFC system, the oxidizer output is used for
preheating fuel and air and then leaves the system as exhaust. This SOFC system exhaust has
sufficient quality to be used in an ORC system. The exhaust mas flow rate changes between
1.51kg/s and 0.94kg/s for the full load scenario and between 1.26kg/s and 0.94kg/s for the bounded
load scenario. The average rate is 1.26 and 1.2 for full and bounded load scenarios, respectively.
At the point that the demand decreases, the mass flow rate decreases to provide less power. Exhaust
gas temperature follows the same trend as the mass flow rate. The exhaust gas temperature changes
between 651K and 551K for full load and between 619K and 555K for bounded load. The average

temperature is 600K and 589K for full and bounded load, respectively
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Figure 5-46: Exhaust gas mass flow rate of the SOFC system
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Figure 5-47: Exhaust gas temperature of the SOFC system

The captured SOFC exhaust gas (Figure 5-46 and Figure 5-47) is considered as the dynamic
input of the ORC model. The obtained ORC output power based upon the dynamic exhaust gas
flow and temperature input conditions is presented in Figure 5-48. When lower heat energy is
available from the SOFC exhaust the ORC produces less power. The ORC power changes between
39kW and 16kW for the full load scenario and between 28kW and 17kW for bounded load

scenario. The average power output is 26kW and 25kW for full and bounded load scenarios,
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respectively. The ORC system can generate power which is around 7 percent of SOFC generated

power.
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Figure 5-48: ORC Output power versus time

ORC mass flow rate is controlled by exhaust mass flow rate and exhaust temperature of the
SOFC system, so that it follows quite the same trend as exhaust heat available for the ORC. Note
that the ORC mass flow rate goes higher than the design point for steady state during the period
when the VP apartment complex power demand is higher than the design steady state power
demand (Figure 5-49). The ORC working fluid mass flow rate changes between 1.31kg/s and
0.68kg/s for full load scenario and between 1kg/s and 0.67kg/s for bounded load scenario. The
average flow rate is 0.98kg/s and 0.94kg/s for full and bounded load, respectively. Superheat
temperature at evaporator outlet was designed to be around 20K in steady state. In dynamic
operation superheat temperature varies from 42K to 10K for full load scenario and from 34K and
12K for bounded load scenario with an average of 22K and 21K, respectively. During the time that
higher heat energy is available system superheats the working fluid at evaporator outlet more than

steady state design.
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Figure 5-49: ORC Working Fluid Flow during the Dynamic Operation
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Figure 5-50: Superheat Temperature at Evaporator Outlet
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Figure 5-51: ORC Evaporator and Condenser Pressure versus Time

Figure 5-51 shows the pressure of evaporator and condenser during the dynamic operation.
Pressures vary with the same sort of trends as those shown for the exhaust coming into the
evaporator. Also, the pressure ratio stays the same during the operation.

The ORC efficiency during the dynamic operation stays the same as under steady state
operation at around 10%. Due to the control approach used in ORC system, the manipulated
parameters such as expander rotational speed and pump rotational speed are changed based upon

SOFC exhaust gas temperature and mass flow rate (heat potential of SOFC exhaust gas). So, for
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example in a case that SOFC exhaust gas mass flow rate and temperature are lower than steady
state design point, the mass flow rate of ORC working fluid decreases and net generated power of
ORC decreases as a result. In the other words, this relatively constant efficiency is due to the same
dynamic behavior of heat energy available (SOFC exhaust gas) and net work produced in ORC.
Figure 5-52 presents the evaporator and condenser wall temperature versus time.

Figure 5-53 shows the exhaust gas outlet temperature of ORC. Exhaust gas does not vary much

during the entire dynamic operation time, remaining around 340 K.
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Figure 5-52: Evaporator and Condenser Wall Temperature versus Time
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Figure 5-53: ORC Exhaust Gas Outlet Temperature

It had been found that the exhaust gas leaving the ORC evaporator was of insufficient quality
to run the absorption chiller system to have combined generation of excess power in ORC and
cooling in absorption chiller, so, another integrated system scenario could be pursued. This
concept would meet dynamic cooling demands by sending the exhaust gas of SOFC goes through

an absorption chiller to meet the cooling demand if there is any cooling demand. In both scenarios

111



(SOFC-ORC and SOFC-AC) the exhaust after ORC or absorption chiller is high enough to
produce hot water.

The exhaust temperature of the SOFC generally goes higher than the design point of the
absorption chiller of 280°C, and was able to boil enough water in both generators to provide
cooling. The chiller was simulated based upon the lowest available temperature of one day; that
temperature was held constant throughout the day giving a conservative estimate of the amount of
cooling possible from the absorption chiller. Figure 5-54 presents the cooling output of the
absorption chiller using the variable mass flow of the SOFC system from the working day
(Figure 5-46) at a fixed temperature of 278°C. The very sharp increase in the first few seconds is
due to the initialization and heating-up of the system. Cooling varies between 200kW to 242kW
for the bounded scenario and between 200kW and 270kW for full load scenario (excluding the
heating-up periods). During the times when higher amounts of hear are available the absorption

chiller provides more cooling, as expected.
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Figure 5-54: Absorption Chiller Cooling Output from SOFC Exhaust for Work Day
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The COP calculated using Eq. (5-1) for the absorption chiller model is a function of the cooling
generated and the heat recovered from the fuel cell exhaust within the chiller’s generator and heat

exchangers which recover heat for use in the second generator (a double-effect absorption chiller).

cop = —Jeooting (5-1)
Qgen1 + Qux

The cooling calculated is a function of the change in mass flow of the chilled water loop. Water

enters the evaporator at 12.5°C and exits at 7°C.

Qcooling = mchilleAT (5-2)

Eq. 5-2 describes how the cooling is calculated where M_y;;; is the chilled water flow rate
through the evaporator and c, is the specific heat of water.

The COP does not vary as dramatically as the other parameters. This is due to the fact that the
cooling potential decreases with decreasing in available heat in generator. At lower flow rates, the
heat exchange is less effective, so less heat is being added to the cycle which affects the cooling
output. Therefore, the COP, although dynamic, stays within a range of about 1.07 and 1.1, as

shown in Figure 5-55.
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Figure 5-55: COP of AC as a Function of Time for SOFC Operation of a Work Day

The average COP for the day was 1.08 for full load scenario and 1.09 for bounded scenario,
and the average cooling provided was 131kW for the full load scenario and 128kW for the bounded
scenario.

Figure 5-56 shows the exhaust gas from the absorption chiller. Exhaust gas temperature
follows the same trend as the SOFC exhaust coming in. The exhaust gas temperature changes
between 123°C and 143°C for the full load scenario and between 122°C and 135°C for the bounded
load scenario. The average temperature is 134°C and 132°C for the full and bounded load
scenarios, respectively. The exhaust gas from the absorption chiller in these simulations has

sufficient quality to be used to heat up water for community use.
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Figure 5-56: Exhaust Gas Temperature of Absorption Chiller for Working Day

5.7.2. Weekend Day Load Dynamic Operation

The Electricity demand shown in Figure 4.35 is used as a desired demand applied to the
spatially resolved dynamic SOFC model. As was the case for the workday scenario, demand of
weekend has been applied to the model in two scenarios: full load (Figure 5-57), and as a load
bounded by 400 kW (Figure 5-58). SOFC model results (Figure 5-57 and Figure 5-58) show that
the SOFC stack generated output power follows the desired demand quite closely.

Generally, all of the SOFC parameters for the weekend day scenarios follow the same logical
trend as the weekday scenarios. The results for weekend day generally appear as scaled weekday

results due to the similar, but scaled, demand dynamics.
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Figure 5-57: SOFC model stack and total power output following the residential electricity demand

SOFC Output Power
420 T T

== Bounded VP Electricity Demand
— Model SOFC stack Power Output
—Model SOFC system Power Output

ower (kW)

280 -
260
240+

220 1 | 1 1
0 5 10 15 20
Hour
Figure 5-58: SOFC model stack and total power output following the bounded residential electricity

Electrical efficiency varies between 48% and 44% for the full load scenario and between 48%
and 45% for the bounded load scenario. The average efficiency during dynamic operation is 46%

and 49% for full load and bounded load scenarios, respectively. As expected, the highest efficiency

occurs at the time of significant decrease in the power demand.
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Figure 5-59: Variation of SOFC electrical efficiency versus time

Temperature and mass flow rate of the SOFC exhaust gas versus time are presented in
Figure 5-60 and Figure 5-61, respectively. The exhaust mas flow rate changes between 1.4kg/s
and 0.8kg/s for full load scenario and between 1.26kg/s and 0.8kg/s for the bounded load scenario.
The average rate is 1.17 and 1.15 for the full and bounded load scenarios, respectively. The exhaust
gas temperature changes between 624K and 545K for full load scenario and between 624K and

549K for the bounded load scenario. The average temperature is 594K and 591K for full and

bounded load scenarios, respectively
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Figure 5-60: Exhaust Gas Mass Flow Rate of the SOFC System
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Figure 5-61: Exhaust Gas Temperature of the SOFC System

The captured SOFC exhaust gas (Figure 5-60 and Figure 5-61) is considered as the dynamic
input of the ORC model. The obtained ORC output power based upon the dynamic exhaust gas
flow and temperature input conditions is presented in Figure 5-62. The ORC power changes
between 33kW and 12kW for the full load scenarios and between 24kW and 14kW for the bounded

load scenarios. The average power output is 26kW and 23kW for full and bounded load scenarios,

respectively.
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Figure 5-62: ORC Output Power versus Time

The ORC working fluid mass flow rate changes between 1.13kg/s and 0.6kg/s for the full load
scenario and between 1kg/s and 0.6kg/s for the bounded load scenarios. The average flow rate is

0.95kg/s and 0.9kg/s for full and bounded load scenarios, respectively (Figure 5-63).
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Figure 5-63: ORC Working Fluid Flow during the Dynamic Operation

In dynamic operation superheat temperature varies from 42K to 7.5K for the full load scenario

and from 40K and 8K for the bounded load scenario with average of 25K and 21K, respectively.
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During the time that higher heat energy is available system superheats the working fluid at

evaporator outlet more than steady state design.
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Figure 5-64: Superheat Temperature at Evaporator Outlet
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Figure 5-65 shows the pressure of evaporator and condenser during the dynamic operation.
The ORC efficiency during the operation stays the same as that produced under steady state

operation at around 10%. Figure 5-66 presents the evaporator and condenser wall temperature

versus time.
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Figure 5-65: ORC Evaporator and Condenser Pressure versus Time
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Figure 5-66: Evaporator and Condenser Wall Temperature versus Time

Figure 5-67 shows the exhaust gas outlet temperature of ORC. Exhaust gas does not vary much

during the entire dynamic operation time, remaining around 340K.
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Figure 5-67: ORC Exhaust Gas Outlet Temperature

Figure 5-68 presents the cooling output of the absorption chiller using the variable mass flow
of the SOFC system from the weekend day (Figure 5-60) at a fixed temperature of 272°C. The
very sharp increase in the first few seconds is due to the initialization and heating up of the system.

Cooling varies between 176kW to 240kW for the bounded scenario and between 175kW and

250kW for the full load scenario.
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Figure 5-68: Absorption Chiller Cooling Output from SOFC Exhaust for Weekend
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Figure 5-69 shows the cooling output of the absorption chiller. COP, although dynamic, stays

within a range of about 1.07 and 1.1.
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Figure 5-69: COP of AC as a Function of Time for SOFC Operation of a Work Day

The average COP for the day was 1.088 for full load scenario and 1.09 for the bounded
scenario, and the average cooling provided were 121.1kW for the full load scenarios and 121.5kW
for the bounded scenario.

Figure 5-70 shows the exhaust gas from the absorption chiller. Exhaust gas temperature
follows the same trend as the SOFC exhaust coming in. The exhaust gas temperature changes
between 115°C and 136°C for the full load scenarios and between 116°C and 134°C for the
bounded load scenarios. The average temperature is 128°C and 128.5°C for the full and bounded

load scenarios, respectively.
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6. SUMMARY, CONCLUSIONS & RECOMMENDATIONS

6.1. Summary

In this study a spatially resolved dynamic model was developed in Matlab/Simulink to study
dynamic operating characteristics of an SOFC system based upon a previously developed National
Fuel Cell Research Center (NFCRC) dynamic model. The modified SOFC system model was
verified with data from two commercially available 2.5kW and 1.5kW SOFC systems from
SOLIDpower.

A bulk dynamic model was developed for the ORC system to study the dynamic
characteristics and the performance of an integrated SOFC-ORC co-generation system. The ORC
dynamic model includes evaporator, condenser, expander, pump and reservoir. The ORC system
model was sized and designed based upon the steady state exhaust output of a 400kW SOFC
system. The ORC system model was verified with data from a literature study of dynamic
operation of an ORC [53]. Two different scenarios with different distributions for exhaust gas
mass flow rate and exhaust gas temperature were used to verify the developed dynamic model in
this study. The percentage root mean square error (%RMSE) for power output was 1.41% and
1.49% for the two scenarios.

A previous NFCRC absorption chiller model developed in Matlab/Simulink was modified to
study the dynamic characteristics and the performance of a combined SOFC-absorption chiller co-
generation system.

Dynamic data from Verano Place complex located in Irvine California were used as an input
to evaluate the dynamic operation of system model. Power demand had the same trend for each
day. The demand was higher on week days and lower demand was observed on weekend days.

Demand of Monday July 25" and Saturday July 30", with the highest and lowest demand of the
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week, were used for the simulations. Electricity demand varies between 275kW and 540kW on
Monday and 252 kW and 470 kW on Saturday. The demand is higher in the evenings when all the
residents are home and using electric devices, as expected. During the week the demand is higher
than that of the weekend.

The integrated system was designed for a 400kW SOFC and 25kW ORC on steady state
operation. Power output of the SOFC was 364kW with 50% stack efficiency. Exhaust gas
temperature and mass flow rate were 592K and 1.27kg/s, respectively. ORC steady state power
output was 26.5kW with 10% efficiency. By combining the SOFC with the ORC bottoming cycle
7% more power was produced.

Increasing fuel utilization from 75% to 85% decreases the fuel consumption by 15% and
increases the SOFC system efficiency 8% and Total efficiency by 5%. Although higher fuel
utilization decreases the amount of heat available for the bottoming cycle, the overall integrated
system efficiency increases with increasing fuel utilization.

Two scenarios of workday and weekend day demand dynamics were studied for dynamic
operation if the integrated SOFC-ORC system. Generally workdays had higher demand compared
to weekend days. For each of the scenarios two conditions of full load and bounded load (limited
to 400kW) have been evaluated. The bounded load demand scenario is less dynamic than the full
load scenario. For work day SOFC average efficiency was found to be 45.3% and 45.7% for the
full load and bounded load scenarios, respectively. Full load demand has higher average exhaust
mass flow rate in comparison to bounded flow which is due to higher power demand. Higher power
demand needs higher mass flow through the SOFC. The average exhaust temperature is 599.48K
and 589.38K for the full and bounded load scenarios of the work day, respectively. The full load

scenario has higher exhaust heat available, which means higher ability to produce power in the
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bottoming ORC. As expected, the average ORC power output is 26kW and 25kW for the full and
bounded load scenarios, respectively. In both the full and bounded load scenarios, the ORC
efficiency stays the same as steady state around 10% which is due to the same dynamic behavior
of heat energy available (SOFC exhaust gas) and net work produced in ORC.

The exhaust gas outlet temperature of the ORC stays quite the same during the operation time
around 340K for all scenarios. This exhaust gas leaving the ORC evaporator was of insufficient
quality to run the absorption chiller system to have combined generation of excess power in ORC
and cooling in absorption chiller (integration of SOFC-ORC-AC), so, two different scenarios were
considered: SOFC-ORC and SOFC-AC. In SOFC-AC integration the system would meet dynamic
cooling demands by sending the exhaust gas of SOFC goes through an absorption chiller to meet
the cooling demand. Otherwise, in SOFC-ORC integration system would produce excess power
by sending the exhaust gas of SOFC goes through the ORC. In both scenarios (SOFC-ORC and
SOFC-AC) the energy of exhaust gas after ORC or absorption chiller is sufficient to produce hot
water.

In terms of comparison between workday and weekend day, the average SOFC efficiency is
45% for the work day simulated and 46% for weekend day simulated. Efficiency is higher for
weekend day because at weekend day most of the time the demand is lower than design power and
the system is working mostly at part load which means that the system is operating at lower current
density where over potential losses are lower. The average exhaust mass flow rate is 1.26kg/s and
1.17kg/s for the weekend day scenario. The average exhaust gas temperature is 599K and 594K

for workday and weekend day, respectively
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The average ORC power output is 26.2kW and 25.6kW for workday and weekend day
scenarios, respectively. The workday ORC power output is higher than the weekend day due to
the availability of higher exhaust heat energy on the workday.

The absorption chiller was simulated based upon the lowest available temperature of one day;
that temperature was held constant throughout the day giving a conservative estimate of the
amount of cooling possible from the absorption chiller. The temperature is fixed at 278°C for
workday and 272°C for weekend. The average cooling provided is 131kW for the workday and
121kW for the weekend day. The average COP stayed around 1.1 for both scenarios. The average

exhaust gas temperature is 134°C for the workday and 128°C for the weekend day.

6.2. Conclusions
e Highly dynamic residential demand can be well followed by the dynamic SOFC

model.

To commercialize dynamic SOFC systems for application in real world, it is necessary not
only to develop an accurate model which takes into account the physical behavior of a real
system, but also to consider simulating real load profile. The developed model for SOFC
system uses the real residential dynamic loads as an input to determine the system operating
parameters such that the SOFC generated power follows the demand profile. Results show
that the SOFC system can follow highly dynamic demands quite accurately with small
deviations from the demand profile due to the auxiliary electricity consumption in balance

of plant component.
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e Large-scale SOFC systems can be integrated with ORC and AC to produce extra

power and cooling.

Results from SOFC model show that quality of exhaust gas leaving large scale SOFC
systems operating dynamically, is sufficient to be used as a heat source for bottoming
cycles e.g. ORC and AC. In this study, results show that the energy of exhaust gas of a
400kW SOFC is sufficient to run 25kW ORC system and producing an average of 125kW
cooling. For small scale SOFC, it’s not cost effective to have ORC bottoming cycle.

e Future dynamic integrated SOFC-ORC-AC systems may well support clean power

generation for Residential application.

It was found that an integrated SOFC-ORC-AC is a good option for future residential
applications in terms of system performance and overall efficiency. By using the exhaust
of SOFC as a heat source for the ORC, seven present more power was produced through
the ORC. Also, cooling demand of residential complex was supplied by integrating with
AC system. This combined system is a good match for the purpose of zero net energy
building and renewable power generation due to the ability of producing both electricity

and cooling simultaneously as well as the ability to be run by renewable sourced fuels.

6.3. Recommendations

The first recommendation is to dynamically model a hydrogen separation unit to be able to
evaluate producing hydrogen in addition to cooling and extra power in the system. Pure hydrogen
gas can also be generated in this system as an energy co-product through using the tri-generation

concept of lower fuel utilization followed by hydrogen separation from the anode off-gas.
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Hydrogen as an energy carrier can be stored for later use, or as fuel for transportation use in a fuel
cell electric vehicle.

The second recommendation is related to modification of dynamic modeling of the system to
make it capable of providing more insights into the physics, chemistry and electrochemistry of the
components. One recommendation is to design more accurate control system for the SOFC system.
Also, calculations related to heat-loss to the environment due to the high temperatures in the stack
could be added to the model to make a more accurate system model for the SOFC. Another
recommendation is to use a moving boundary model for simulating the dynamics of the condenser
and evaporator of the ORC, instead of using a bulk model. Also, designing a control system for
the ORC to control the power output, pressures and the superheat temperature could be considered.
The absorption chiller model should be modified to produce cooling by getting both dynamic
exhaust gas temperature and dynamic mass flow rate instead of fixing the temperature constant.

An important consideration for the validity of these system configurations are the economics
of building and operating them. Future research should be considered to quantify the total capital
costs along with operating and maintenance costs of such a system. The results of such an analysis
are essential in order to characterize the viability of realizing these systems. Ultimately, a
comparison of the above systems with comparable state-of-the-art systems would need to be
completed in order to create a clear picture of the economic viability of this system.

Another consideration that is becoming increasingly important is the environmental impact of
the system. Not only are emissions over the lifetime of the system important, but also the energy
and materials required for its entire life cycle. A life cycle analysis on the environmental impacts
of the system will help determine whether the system is capable of providing an improvement to

the environment in a significant fashion compared to comparable state-of-the-art systems.

131



The last recommendation would be to verify the ORC system with experimental results. It
would be valuable to connect two commercially available SOFC and ORC systems into an
integrated system and to experimentally run the system for various dynamic load profiles to

compare the experimental results with those from the simulation model.
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Appendix A

Leibniz’s rule for differentiation of integrals with time varying limits:

dz, ?20f(z,t)

d (7 dz,
| re0d=rEog - reog s [ SRR (A1)
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Appendix B

B.1. Mass Conservation at Working Fluid Side:

The general differential mass balance is:

dp

or ) = B-1
5% +V.(pv) =0 (B-1)
m = pAgv (B-2)

In equations (B-1and B-2) p is the working fluid density, ¥ is the working fluid velocity and
A is the cross sectional area of a tube in which working fluid flows.

By multiplying A in to equation (B-1) and considering equation (B-2), equation (B-3) can
be obtained as follow:

0(phs) | 0GR) _

B-3
at 0z (B-3)

Integrating from z = 0 to z = L. (condenser tube length), which are corresponding to the

inlet and outlet boundaries respectively:

Leg(pA Leg(n
J (pAcs) dz + j ﬂdz =0 (B-4)
0 ot o 0z

Assuming a constant cross sectional area and applying Leibniz rule equation to the first term

(see Appendix A) results in equation (B-5).

d [le
Acs E_I;) p dz + (mout - min) =0 (B'5)

In equation (B-5) the first term on the left hand side describes the rate of working fluid mass
change. The second and third terms are the mass flows through the outlet and inlet boundaries
respectively.

Assuming an average density for working fluid and integrating the first term results in:
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d
_(ﬁLc) + (mout - min) =0-

ACS
dt (B-6)

AcspLc + (Mgyy — 1in) =0
The thermodynamic properties are calculated from (p, h) in the present analysis, where h is
the average enthalpy. The choice of p as one of the state variables is obvious, due to the assumption
of no pressure loss. Temperature and pressure cannot be selected as independents variable because
in two phase flow they are dependent to each other. The second variable should be either internal
energy or enthalpy. In fact (p, h) is better for control volume problems. The average enthalpy h is

defined as:

(hin + hout) (B_7)

h = 5

In equation (B-7) h;, and h,,,; are working fluid inlet and outlet enthalpy respectively.

The working fluid mean density is approximated by p = p(P, h) and the working fluid mean

temperature is calculated from the same states as T, = T'(P, h).

In equation (B-6), 22 s calculated using the chain rule:

dt
dp| \dP (0p
Acske l(ﬁ ,;)E + <ﬁ

5)] P+ [ACSLC (% P)] h+ (Moyr — Myp) =0

dh| .
P)E + (mout - min) =0-

(B-8)

ap
[ACSLC <ﬁ

B.2. Energy Conservation Equation at Working Fluid Side

The general differential energy balance can be obtained:

9(pAcsh —AsP) | d(mh) =
P B-9
at + aZ plal(TW TT) ( )
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In equation (B-9) p; is the inner cross sectional perimeter of a tube in which working fluid
flows, «; is convection heat transfer coefficient between working fluid and tube and T,, is the
condenser’s tube wall temperature.

Integrating from z = 0 to z = L, (condenser tube length):

J’LCO(PAcsh) dZ_.cha(AcsP) dZ+fLC0(mh)
0 ot 0 0 0z

L¢
———dz = f pia;(T, — T,)dz (B-10)
at .

Applying Leibniz’s rule (see Appendix A) on the equation (B-10) first term and integrating

other terms based on a constant cross sectional area and a constant heat transfer coefficient along

the tube:
[d [(Le ] Lca(P) Lca(mh) L¢ B
Aes % 0 phdz_ _Acsjo Wdz-l_jo 0z dz =f0 pia;(Ty, — T)dz -
(B-11)
g e . | ]
Acs a . phdz| — AL P + (mouthout - minhin) = L.p;ia;(T, — T,)

In equation (B-11), the first term is the rate of change of enthalpy in the control volume, the
second term is a consequence of using enthalpy and not internal energy in the first term. The third
and fourth terms account for the convective enthalpy through the boundaries, and the last term is

the heat flow from the wall.

Assuming that working fluid mean enthalpy is h =

—(hi”“;h"“t), working fluid mean density is

p = p(P, h) and working fluid mean temperature is T, = T (P, h) and integrating the first term of
equation (B-11), it can be obtained:
d __ : , . _
Acch [E (phL)] - AcchP + (mouthout - minhin) = chiai(Tw - Tr) -

(B-12)
Acch [.D_E + Eﬁ] - Acchp + (mouthout - minhin) = chiai(Tw - Tr) -
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ap| \dP (9p| \dh]- - _ . _ _
Acch <a_P E) d_t + (ﬁ P) E h + hp - AcchP + (mouthout - minhin)
= chiai(Tw - Tr) -
00|\, , (9P| \2l7 , =~ : . .
Acch [(_ )P + (_— )h] h + hp - AcchP + (mouthout - minhin)
d0Ply dhlp

= Lepiai(Ty, — T) >
Acch [(Z_ﬂﬁ) }_l - 1] P + Acch [(Z_le) }_l + P_] }_l + (mouthout - minhin) =

Lepia; (T, — Tr)

B.3. Energy Conservation at Wall Side
The energy balance for the wall region is derived using a control volume analysis similar to
the energy balance analysis for the flow region. A simplified differential energy balance for the

wall is given in equation (1-40):

Cp,, Pwhw fiaitw = piai(Ty = Ty) + Po@o (T — Tyy) (B-13)
In equation (B-13), C,, is specific heat capacity of tube wall, p,, is density of tube wall, 4,
is the annulus cross sectional area of tube wall, p, is the outer cross sectional perimeter of a tube
in which working fluid flows and «, is convection heat transfer coefficient between exterior air
stream and tube wall.

Integrating from z = 0 to z = L, (condenser tube length):
L¢ oT. L¢ L¢
W _ _
J prpWAdeZ = J piai(Tr - Tw)dz + J Po&o (Ta - Tw)dz -
0 0

’ (B-14)

oT, _ _
prprch a_:V = Lepiai (T, — Ty) + Lepoao(Tg — Ty) =
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aT,, _ _
prprw ? = piai(Tr - Tw) + Poo (Ta - Tw)
In equation (B-14), the left hand side term accounts for the rate of change in internal energy.

The right hand side terms account for the heat transfer from the inside and the outside of the wall.
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