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Electricity consumption projections place data centers at up to 13% of global
electricity demand in 2030 due to the expected growth in the production and use of
electronic devices, cloud services, and computer networks. Cooling infrastructure accounts
for up to 40% of the total energy delivered to a data center. With business and society relying
so much on data centers, there is a greater need for reliable and clean electric power for data
centers. Solid Oxide Fuel Cell (SOFC) systems have the potential to provide more reliable and
cleaner electrical load-following characteristics compared to other technologies while
enabling dynamic operation and control. High temperature exhaust of SOFC can be used to
run a bottoming cycle such as cooling system which makes it an attractive integrated system
for data center applications. However, cost and durability are major challenges associated

with SOFC technology. On the other hand, the biggest challenge for using hydrogen as an
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energy carrier for SOFC is the very high pressure or very low temperature required for its
storage, transmission, and distribution, which makes the need for a more dense liquid energy

carrier like ammonia inevitable.

This dissertation, first, focuses on evaluating the integrated system concept and
assesses the achievable air conditioning from SOFC waste heat. To explore the feasibility of
thermally integrating SOFC with liquid desiccant dehumidification (LDD), a spatially
resolved physical model developed in MATLAB is used to simulate the operating
characteristics of this SOFC system. A corresponding physical model is developed to simulate
the liquid desiccant air conditioner for dehumidification. This research evaluated SOFC
systems for powering demand of a single server rack (~12kW) to powering a row of servers
(~240kW). The LDD operation is based on distributed waste heat from SOFC that powers
the servers. This research indicates whether waste-heat based cooling and dehumidification
could power the servers and maintain server operating temperatures and humidity in the
safe range for different weather conditions. It calculated the yearly storage capacity required

for each location to meet the demand of the data center for the entire year.

Next, the performance and degradation of a 1.5kW (AC) commercial system, that is
proposed for source of power and cooling of servers, is evaluated under steady state and
dynamic load cycling conditions for over 6000 hours. The degradation rate and performance
characteristics of the SOFC system is analyzed to determine the long-term performance and
durability of SOFC system under dynamic condition. Finally, to analyze and compare the
degradation of single cell SOFC directly fed with ammonia (NH3), externally reformed

ammonia (N2-Hz) and pure hydrogen (Hz), three durability tests are conducted on anode
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supported SOFC. Electrochemical impedance spectroscopy (EIS) and scanning electron
microscopy (SEM) are conducted to study the performance losses during operation and to

observe the microstructure changes of the cell after testing.
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1 Introduction

1.1 Motivation

The rapid growth of internet use, cloud computing and data-driven machines and services is
increasing the electric power consumption and carbon footprint of data centers. Data center
electricity demand was around 200TWh (1% of global electricity consumption) in 2018 [1]
However, due to the expected growth in the production and use of electronic devices, cloud
services, and computer networks, electricity consumption projections place data centers at
up to 13% of global electricity demand in 2030 [2]. As shown in Figure 1 in the best-case
scenario data center electricity consumption doubles in the next 10 years. Associated with
this massive electricity consumption are greenhouse gas (GHG) and criteria pollutant
emissions due to the use of conventional fossil energy resources to power data center
electric loads. In 2020, the information and communications technology sector represented
2.3% of global GHG emissions, 28.8% of which were associated with data centers [3]. In
addition, as a result of the COVID-19 pandemic, dependency upon internet technology, and
cloud services, data center demands are only increased further. Data centers will use around
3-13% of global electricity in 2030 compared to 1% in 2010 [2]. In order to meet the
emissions reduction targets imposed by many IT companies like Microsoft, the power supply
for data centers must come from renewable energy sources. The trend of using renewable
power (primarily via market mechanisms) is being used widely [4,5] and likely many data
centers can be run with low GHG and pollutant emissions, even if they do not find ways to

reduce their absolute electricity usage [2].
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Figure 1. Global electricity demand of data centers 2010-2030 [2].

In a traditional data center connected to the electric grid, less than 35% of the energy from
the fuel source that is supplied to the power plant is delivered to the data center. Power plant
generation losses and transmission and distribution losses are the most significant
inefficiencies in data center [6]. Figure 2 shows the process of power loss through the
transportation and distribution network of the electric grid starting from the fuel source up
to the power supplied to the consumer. It is evident that the largest inefficiency is from the
power generated at the power plant level with additional losses associated with the
transmission and distribution to the data center, where the data center receives roughly 30%
of the total energy that could have been supplied ideally from the fuel source. There are
further losses associated with the infrastructure required for daily reliable operation (i.e.,
cooling, lighting, and Uninterruptible Power Supply (UPS) systems). The additional power
consumed by the cooling, lighting, and energy storage, means approximately less than 17.5%

of the energy supplied to the power plant is ultimately delivered to the servers [7].
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Figure 2: Traditional data center system losses [7].

Information Technology (IT) equipment (e.g., servers, networks, storage, etc.) and cooling
infrastructure are the two major power consumers. As shown in Figure 3 cooling
infrastructure is a large electricity consumer in the data center and can account for up to
40% of the total energy delivered to the data center [8]. Cooling also represents the biggest
slice of the total cost in a data center. With more capacity and higher density there is an
increased need for energy-efficient cooling of the IT equipment. While data centers need
cooling to protect servers and other equipment, an additional challenge is humidity control.
Too much humidity can cause corrosion of metal parts of the servers leading to short
circuiting of electronics. On the other hand, low humidity allows the servers to develop
electrostatic charges that can cause damage to sensitive equipment.
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Figure 3: Electricity consumption for data centers [8].



According to Uptime Institute [9], electric power outages are the main causes of the
increasing outage trend in data centers. According to the Eaton Blackout Tracker [10], the
US experienced more than 3,500 utility power outages in 2017, the vast majority of which
were attributed to faults in the transmission and distribution system. This number
represents a 62% increase in outages from a decade ago. In 2018, a storm interrupted grid
power to Microsoft’'s San Antonio Azure data center, knocking cooling systems offline,
damaging a significant amount of equipment, and bringing down Active Directory and Visual
Studio Team Services for almost 24 hours [11]. In some areas, rising temperatures are
driving up the cost of data centers. In other areas, extreme rainfall and flooding have
damaged equipment, and prevented the fuel deliveries which are so critical to the traditional
back-up power solutions. And power costs continuously increase. The global cost of power
for data centers is expected to increase 80% in the next five years. At 35% of total costs,
electric power continues to represent the largest portion of data center operating costs [12].
Every power generation system that supplies a data center must comply with stringent
reliability and availability constraints to ensure 99.9999% server uptime. With business and
society relying so much on data centers, and data centers growing more and more, there is a

greater need for reliable and clean electric power for data centers.

1.2 Overview

Our solution is using small scale Solid Oxide Fuel Cell (SOFC) for rack level power generation,
which is capable of delivering uninterrupted, 24x7 power that is resilient and clean and
eliminates the need for back up generation (due to the limited failure domain associated with
a single rack) and is also able to provide high quality heat to run a liquid desiccant
dehumidification system to provide cooled and dehumidified air for servers. Generating
power on-site, at the point of consumption, rather than centrally, eliminate the cost,
complexity, interdependencies, and inefficiencies associated with electrical transmission
and distribution. Providing the required cooling for servers through liquid desiccant
dehumidification run by high quality exhaust of SOFC has the potential to decrease the power

consumption of data centers by up to 40%.



In this research, first, [ investigate the integration of rack level fuel cell powered servers with
Liquid Desiccant Dehumidifier technology that can be dynamically dispatched to produce
electricity and cooling in various amounts to meet power and air conditioning demands of
data centers. This thesis focusses first on evaluating the integrated system concept and to
assess the achievable air conditioning from SOFC waste heat. To explore the feasibility of
thermally integrating SOFC with LDD, a spatially resolved physical model developed in
Matlab is used to simulate the operating characteristics of this SOFC system. A corresponding
physical model is developed to simulate the liquid desiccant air conditioner for
dehumidification. This study considers SOFC systems capable of powering a 1. single server
rack (~12kW) and the operation of an LDD for cooling and dehumidification of that same
rack, and 2. SOFC and LDD systems designed for a row of 20 servers. The LDD operation is
based on distributed waste heat from SOFC that powers the servers. The analysis will
indicate whether waste-heat based cooling and dehumidification is capable of powering the
servers and maintaining server operating temperatures and humidity in the safe range for

different weather conditions.

Even though SOFC technology offers several advantages such as fuel flexibility, high
efficiency, and zero criteria pollutant emissions, cost and durability are major challenges
associated with current SOFC technology. Durability of SOFC technology is a key aspect for
its commercialization and long-lasting deployment in different applications. Dynamic
operating conditions have considerable effects on the long-term performance and durability
of SOFC systems. On the other hand, while many studies have focused on green hydrogen
produced through electrolysis from sun and wind, as a clean fuel for fuel cells, the biggest
challenge for using hydrogen as an energy carrier is the very high pressure or very low
temperature required for its storage, transmission and distribution, which makes the need
for a more dense liquid energy carrier like ammonia inevitable. I propose that ammonia
made in a sustainable way (e.g., from renewable electricity that powers electrolyzers to
produce hydrogen that is reacted with nitrogen to produce ammonia) can serve as a
sustainable, low-cost, and high-density energy carrier and the fuel for SOFC systems in the

future.



In the second part of this research, I first evaluate the performance and degradation of a
1.5kW Alternating Current (AC) commercial SOFC system that is proposed for source of
power and cooling of servers under steady state and dynamic load cycling conditions for
over 6000 hours. I monitored and analyzed the degradation rate and performance
characteristics of the SOFC system to determine the long-term performance and durability
of SOFC system under dynamic operating conditions. Second, I evaluate the effect of
ammonia as fuel on SOFC performance. I study and compare the degradation of an SOFC
single cell fed with fed with ammonia (NH3), externally reformed ammonia (N2-H2 mixture)

and pure hydrogen (Hz).

1.3  Goal & objectives

The goal of this thesis in to evaluate the integration of SOFC with Liquid Desiccant Air
Conditioning (LDAC) for efficient, reliable, and grid-independent data center power and
cooling. The integrated system will supply electricity and cooling to data center applications.
This configuration offers the potential for high energy efficiency, environmental and
economic benefits. The integrated concept is shown in Figure 4. The SOFC generates
electricity from natural gas which is used directly for powering a rack of servers. The SOFC
thermal exhaust will be used to produce hot water which is used for regenerating the liquid
desiccant. Concentrated liquid desiccant will be stored and is used for dehumidifying the air
when there is a cooling demand. The integrated system is expected to have high efficiency,
low emission and provide reliable power and cooling for data center applications. This
integrated configuration eliminates grid connection and any transmission line for powering
servers as well as significantly decreasing the electric power used for providing cooling to

servers.
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Figure 4. integrated SOFC- LDAC concept for server.
To achieve the research goal, the following objectives are prescribed:

1. Continue literature review on SOFC Technology, liquid desiccant dehumidification
technology, and data center power and cooling.

2. Develop and verify a dynamic SOFC system model that simulates the physical
operation of the SOFC system (BlueGEN) based upon Efficient Allocation of Grid
Energy Resources including Storage (EAGERS).

3. Develop and verify a physical model for liquid desiccant air conditioning system
including dehumidifier, regeneration, and evaporative cooler.

4. Develop a model to calculate data center demand based on cooling type and weather

conditions.



5. Theoretical analysis for integrated system in different weather condition and
determining the storage capacity for yearly demand.

6. Experimental set-up and long-term test and evaluation of SOFC system degradation
under steady-state and dynamic operation.

7. Experimental set-up and long-term test and evaluation of SOFC degradation fed by

alternative fuels.

1.4 Approach

This dissertation includes six key tasks, with one task established for each of the objectives
described previously to meet the goal.

Task 1: Background & literature review (Chapter 2)

A comprehensive literature review was conducted throughout this research on the following
topics: SOFC systems and modeling, data center power and cooling systems, liquid desiccant
cooling technology and modeling, data center load demands, SOFC degradation test and
modeling, alternative fuels for SOFC, Electrochemical Impedance Spectroscopy (EIS) and

characterization methods.

Task 2: Develop a physical dynamic model and control strategies for an SOFC system

that simulates the operation of the SOFC system (Chapter 3)

A quasi-3D dynamic model was developed and modified for solid oxide fuel cell as well as an
appropriate balance of plant that matches the performance of the commercialized SOFC
system of this research. A control strategy was developed for dynamic operation of the

system. In this task, dynamic behavior of SOFC system was evaluated.

Task 3: Develop a physical model for liquid desiccant dehumidifier simulation (Chapter

4

A physical model was developed for dehumidifier, regenerator and indirect evaporative
cooler to simulate the process of producing strong desiccant from exhaust of SOFC and
cooled and dehumidified air for servers cooling. A control strategy has been developed for

the LDAC system. The developed model has been verified with literature in this task.



Task 4: Develop a data center cooling demand model (Chapter 5)

A data center cooling demand prediction model is developed. The model calculates the
cooling demand required of data center for the entire year based on the weather condition.
Cooling demand of seven different locations that is home to data center is calculated and

analyzed in this task.

Task 5: Investigate SOFC integrated system with LDAC and the storage capacity required

for providing cooling and power for the entire year (Chapter 6)

The dehumidification capability in typical data center locations is analyzed based on SOFC
exhaust effect. different configuration for integrated system is evaluated. Also, a SOFC-LDAC
system is designed based on the storage size and demand of data center in various locations.
Finally, yearly storage capacity for different weather conditions and different configuration

is evaluated.

Task 6: Develop and operate an experimental setup to evaluate SOFC degradation

(Chapter 7)

In this task, I Installed the components and connections of eight BlueGEN system. Long term
steady state and dynamic test on SOFC system is developed. The effect of dynamic operation
on SOFC degradation is investigated. In the second part of this task, SOFC single cell setup
was developed, and four cells was mounted. Three separate 100 hour is performed on NHj3,
N2-Hz, and Hz. EIS and polarization curve (IV) measurements were performed every hundred
hours. Effect of different fuels on SOFC degradation is investigated. Also, Scanning Electron
Microscopy (SEM) was performed to observe the microstructure changes of the cell after

testing



2 Background & Literature Review

2.1 Data center

Data centers are centralized locations with computing and networking equipment for
collecting, storing, processing, distributing or allowing access to large amounts of data.
Because of their high concentrations of computer servers, often stacked in racks that are
placed in rows, data centers are sometimes called server farms. Data centers provide
services such as data storage, backup and recovery, data management and networking.
These centers can run e-mail and instant messaging services, store and serve up web sites,
provide cloud storage and applications, enable e-commerce transactions, power online

gaming communities, etc.

Some components for supporting data center infrastructure include:

e Uninterruptible power supplies (UPS) - battery banks, fueled generators, and
redundant power sources.

e Environmental Control - Computer Room Air Conditioners (CRAC), Heating,
Ventilation, and Air Conditioning (HVAC) systems, and exhaust systems.

e Security Systems - biometrics and video surveillance systems.

e [T equipment - actual equipment for IT operations and storage of the organization’s
data. This includes servers, storage hardware, cables, and racks [13].

e Backup Power - a set of fueled combustion-based power generators usually powered

by natural gas or diesel.

2.1.1 Data center power infrastructure

Most traditional data centers get their primary electricity from utility electric grid. The
facility will then either have one or several transformers in place to take in the energy, while
also ensuring the power coming in is of the right voltage and the right type of current
(converted from AC to Direct Current (DC) typically). Some data centers supplement their

energy from the grid or completely remove it by on-site electrical generation equipment -
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either in the form of combustion-based generators or with alternative energy sources such
as solar photovoltaic panels and wind-powered turbines. The power then gets transferred
to the main distribution boards which house fuses, circuit breakers, and ground leakage
protection units, take the low-voltage electricity and distribute it to a number of UPS
systems. UPS are responsible for supplying power to a number of racks while helping clean
up the electricity pulsing through by ensuring that issues like surges don’t impact equipment.
UPS systems also serve as an initial backup, in case of a power outage or similar issue. In a
nutshell, a UPS battery turns on after the system senses a loss of power. Their purpose is to
maintain the infrastructure until consistent power returns, or if needed, until longer-term
emergency power backup systems kick in. A typical UPS can provide power to servers and
breakers for up to five minutes; that way, there’s enough time to get a backup generator
going immediately following an outage or similar issue with the wider electric grid. In order
to ensure continuous uptime and minimize outages as much as possible, most data centers
have a backup power source on site or nearby. Often backup power supply comes from a fuel

generator powered by gasoline or diesel [14].

In a data center, not only servers and other critical pieces of IT equipment require a lot of
electricity to operate, but also all of the ancillary equipment. Lights, cooling systems,
monitors, humidifiers, etc. also need electricity. The amount of electricity that goes towards
servers versus non-IT equipment is called Power Usage Efficiency (PUE) score which
measures usage effectiveness. A score of 1 means that all the energy in a data center goes
towards servers, while a score of 2 means that ancillary equipment uses just as much
electricity as servers and other IT components [14]. The Uptime Institute survey shows that
the average PUE of a data center stands at 1.58. The average PUE for a Google data center is
1.12, but its facility in Oklahoma had a score of just 1.08 during the last three months of 2018
[15].

Today, the average power consumption for a rack is around 7kW depending upon the data
center. However, almost two-thirds of data centers in the US experience higher peak
demands, with a power density of around 15kW to 16kW per rack. Some data centers may
hit 20kW or more per rack at times [16]. The Uptime Institute’s latest survey found that

around one in five have a density of 30kWor higher, indicating the growing presence of high-

11



density computing. Half said their current rack density was between 10kW and 29kW [15].
One of the most critical challenges associated with increasing power density within data
centers is cooling. Alternative cooling technologies and methodologies such as liquid cooling,

use of solar and wind for power cooling systems are being developed against that need.

2.1.2 Data center cooling

One of the largest operational expenses of data centers is the cost of energy. Cooling power
consumption accounts for up to 40% of data center energy use [10]. The original American
Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) air temperature
envelope was 20-25°C in 2004 based on reliability and uptime as the primary concern.
Nowadays, changes to data center environmental conditions are being driven by the need to
save energy and reduce operational expenses. From 2016, ASHRAE recommended range of
temperature and humidity is 18°C to 28°C dry bulb temperature, 9°C to 15°C dew point and
60% relative humidity [17]. The Uptime Institute, however, recommends an upper limit of

25°C [15].

There are different common ways of to remove excess heat in data centers as shown in

Figure 5.
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Figure 5. Simplified heat removal methods in data centers [18].

A Computer Room Air Handling (CRAH) is similar to a chilled water air handling system. In
this system, the cooling is accomplished by blowing air over the cooling coil filled with the
chilled water. The chilled water is typically supplied to the CRAHs by an electric powered
chiller. The chiller then removes the heat from the warmer chilled water and transfers it to
another stream of circulating water called condenser water which flows through a cooling
tower. These CRAHs can have Variable Frequency Drives (VFD) that modulate fan speed to
maintain a set static pressure either under floor or in the overhead ducts. Heat removed from
the returning chilled water can be rejected to a condenser water loop for transport to the

outside atmosphere or to an air-cooled condenser, or to a glycol cooled chiller.

A CRAC unit works like an air conditioner which has an in-built direct expansion
refrigeration cycle. The compressors which are required to power the refrigeration cycle is
also located within the CRAC unit. Thus, the cooling is accomplished by blowing the air over
the cooling coil filled with refrigerant. Heat from the IT environment is pumped to the

outdoor environment using this circulating flow of refrigerant. New CRAC units are
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developed that can vary the airflow with the help of multistage compressors. However, most

of the existing ones have on/off control only.

Modern data centers try to use adiabatic direct air cooling whenever the weather conditions

allow. The common types of cooling are as follows:

Free Cooling: Free cooling is an approach for cooling the air temperature in the target
environment by using ambient cool air or water from the local environment instead of
mechanical refrigeration. In this method, pumps, fans, and other air/water-handling
equipment are needed. Cooling systems that use this approach are also called air-side
economizers. The primary method is evaporative cooling, where ambient air is passed
through a wet filter that cools it. The air then enters the cooling system at a lower
temperature, which allows for more efficient operation. Evaporative assist is most beneficial
in dry climates. Alternatively, in water side economizer a source of cold water from local
rivers, lakes or oceans is circulated into a data center and used instead of refrigerating a
closed water loop with a chiller [19]. Evaporative assist is an adiabatic cooling system which
does not have heat exchange to the environment. Adiabatic cooling incorporates both

evaporative and air cooling into a single system [20].

An indirect ambient air cooling system uses outdoor air to indirectly cool data center air
when the temperature outside is lower than the temperature set point of the IT inlet air,
resulting in significant energy savings. Fans blow cold outside air through an air-to-air heat
exchanger which in turn cools the hot data center air on the other side of the heat exchanger,
thereby completely isolating the data center air from the outside air. Heat exchangers can be
of the plate or rotating type. Heat removal method normally uses evaporative assist whereby
the outside of the air-to-air heat exchanger is sprayed with water which further lowers the

temperature of the outside air and thus the hot data center air [18].

Indirect adiabatic data center cooling: The indirect adiabatic cooling consists of two different

airflows named primary and secondary airflow as shown Figure 6.
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Figure 6. Indirect adiabatic cooler [21].

Primary airflow is the airflow that is used to cool the IT load. The secondary airflow is the
outside or the ambient air which is used to discharge the IT load of the primary airflow. The
primary airflow and secondary airflow are completely separated from each other because
mixing them will create pollution and inconsistencies. During warm days water is sprayed
on the heat exchanger to increase the cooling capacity of the secondary airflow according to
the physical laws of psychrometrics. The water also provides a better conductivity between
the two airflows by optimizing the energy transfer. Most units require a basic water
softening system to produce the required water. A water storage tank is required to store a
certain amount of water in case of water outage from the main water connection. There are
basically two operating modes, Summer/wet: If conditions are not met for the secondary
airflow, the air is humidified by adding a specific amount of water to the secondary air flow

to increase its cooling capacity.

In addition to these adiabatic cooling systems, direct expansion (DX) cooling systems (i.e.,
those that use the vapor compression thermodynamic cycle), powered by electricity, may be
required in specific locations to reach the cooling demand of the data center. Winter/dry:
Primary airflow transfers its heat towards the cooler secondary airflow without the
requirement of water. The indirect adiabatic cooler is known for its high energy efficiency

reaching a cooling PUE of 1.05 at a single moment [21].

There are three basic approaches for distributing air in a data center: flooded, targeted, and

contained. In a flooded supply and return air distribution system, the only constraints to the

15



supply and return air flow are the walls, ceiling, and floor of the room. This leads to heavy
mixing of the hot and cold air flows. In a targeted supply and return air distribution system,
amechanism (e.g,, duct, perforated tile, cooling unit placed within IT rows) directs the supply
and return airflow within 3m (10ft) of the IT equipment intake and exhaust. In a contained
supply and return air distribution system, the IT equipment supply and return air flow is
completely enclosed to eliminate air mixing between the supply and the return air streams
[22]. Hot aisle/cold aisle arrangements lower cooling costs by better managing airflow,
thereby accommodating lower fan speeds and increasing the use of air-side or water-side
economizers. When used in combination with containment, Department of Energy (DOE)

estimates reduction in fan energy use of 20% to 25% [23].

Another data center cooling technique is open bath immersion cooling which implies fully
submerging IT equipment in a dielectric liquid. These baths allow the coolant fluid to be
moved through the hardware components or servers submerged in it. Single phase
immersion requires circulation of the dielectric liquids by pumps or by natural convection
flow. These liquids always remain in the liquid state while operating. The dielectric coolant
is either pumped through an external heat exchanger where it is cooled with any facility
coolant, or the facility coolant is pumped through an immersed heat exchanger, which
facilitates heat transfer within the dielectric liquid. In two-phase immersion systems, heat is
removed through the phase change that the coolant undergoes at its operating temperature.
The server heat literally boils the dielectric fluid that has an appropriate boiling point
temperature. This two-phase immersion system takes advantage of the dielectric fluid latent
heat of vaporization. This occurs when the two-phase coolant comes in contact with the
heated electronics in the bath that are above the coolants boiling point. Once the two-phase
coolant enters its gas phase it must be cooled or condensed, typically through the use of
water-cooled coils placed in the top of the tank. Once condensed the two-phase coolant drips
back into the primary cooling tank. The two-phase coolant in the tank generally remains at
its “saturation temperature”. Energy transferred from the servers into the two-phase coolant
will cause a portion of it to boil off into a gas. The gas rises above the liquid level where it
contacts a condenser which is cooler than the saturation temperature. This causes the

gaseous state coolant to condense back into a liquid form and fall back into the bath [24]. In
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order to safely submerge an electronic device in a liquid, the liquid must be nonconductive
to avoid short-circuit electronic signals or change in the signal characteristics of sensitive,
high-speed electronic devices, such as Central Processing Unit (CPU)s and memory modules.
The liquid must also be completely noncorrosive and avoid any sort of damage to electronic
packaging, contacts, or printed wet or dry circuit layouts. The liquid must be nonflammable,
nontoxic, and easy to clean up if there is a spill. Immersion cooling mainly work in baths of
mineral oil, and companies that have developed liquids such as Novec, which meet the

criteria for electronic immersion cooling [25].

2.2 Solid Oxide Fuel Cell technology and system

2.2.1 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 fuel cell electrochemical reactions, but fuel cell systems can operate on a wide
variety of fuels. All fuel cells also require an oxidant, which is usually oxygen taken from air.
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 and with proton-conducting electrolytes, the hydrogen splits, releasing
two electrons into the anode while the hydrogen ions (protons) travel through the
electrolyte. The ions then react with oxygen atoms and electrons at TPB locations in the
cathode compartment to form water. A voltage (potential) difference between the anode and

cathode is produced by the electrochemical reactions, which drives an electric current
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through the external circuit. The overall reaction of fuel and oxidant to form products in a

hydrogen fuel cell is as follows:

1 .
H, + 5 0, > H,0 Equation 1

Equation 1 shows the overall reaction of the fuel cell while two electrochemical half-

reactions are accomplished at the anode and cathode TPBs as follows:

H, — 2H* + 2¢" Equation 2

%02 +2H* +2¢™ - H,0 Equation 3
Equation 2 and Equation 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 the same fundamental principles. Analyzing from
athermodynamic 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:

Equation 4
AG =-nFE

Where AG is the Gibbs 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, Equation 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 which defines the maximum
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realizable voltage accounting for non-standard conditions of temperature and pressure and
the extent of reaction. 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 maximum realizable voltage can be determined at other
temperatures, pressures, and extents of reaction through the use of these equations.
According to the Nernst equation for hydrogen oxidation, the maximum cell potential at a
given temperature can be increased by operating the cell at higher reactant activities, a.
Improvements in fuel cell performance have been observed at higher pressures and
temperatures. The symbol E 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 Vyrnst i defined:

Verner = Fo — & (Mlproauars) rwaen
Nernst o F H(areactants)

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), and partial pressures are substituted into the expression for gas-phase activities,

then the Nernst voltage for the Equation 6 becomes:

RT [ Puo _

Vnernst = Eo — 5 In =1 Equation 7
2
PH2P02

While the Nernst voltage can be realized when a fuel cell does no net work (thermodynamic
equilibrium conditions are established with no flow of current flows leading to a measured
open circuit voltage that is close to the Nernst potential), once electric current flows,
additional voltage losses are realized. Figure 7 displays the ideal and actual responses of a
fuel cell to increasing current demands. 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
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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 7. Ideal and Actual Voltage Current Density Curve of Fuel Cell [18].

The first of these three major polarizations is the activation loss, which is pronounced in the
low current region. In this region electrochemical reaction kinetics 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:
Nact = ﬁln (L) Equation 8
anF iy

Where 1, 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.
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The ohmic polarization varies proportionally to the increase in current and increases over
the entire range of currents due to the constant nature of the overall fuel cell resistance. The

ohmic polarization can be represented as:

Nonm = iR, Equation 9

Where 1, is the ohmic polarization and Rc is the overall cell resistance. The origin of ohmic
polarization comes from the resistance to the flow of ions in the electrolyte (primarily) and
from the flow of electrons through the electrodes, current collectors, bipolar plates, etc.
Ohmic polarization can be decreased by increasing ionic conductivity of the electrolyte or
shortening the ion conduction length (i.e., using a thinner electrolyte or modifying 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 reactants to
diffuse through the porous gas electrodes to the fuel cell reaction sites (TPB) and products
to diffuse from these same sites fast enough to keep up with the rate required to maintain

the electric current flow. The concentration polarization can be represented as:

RT

i -
Neon = (n_F) In (1 - Z) Equation 10

Where ncon is the concentration polarization, which is the limiting current density. As the
reactant gas is consumed at the TPBs through the electrochemical reactions, there will be a
potential drop due to the drop in the TPB concentration compared to that in the bulk of the
fluid. This leads to the formation of a concentration gradient across both of the electrode
thicknesses. Several processes are responsible for the formation of the concentration
polarization. These are (1) solution of reactants into the electrolyte, (2) dissolution of
products out of the electrolyte, and (3) diffusion of reactants to and products from the
reaction sites, through the electrode. At practical current densities reactant and product
diffusion rates are sufficient to avoid significant concentration polarization, but, at high
current densities these rates of diffusion can become comparable to reaction rates leading

to concentration polarization.
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2.2.2 Integrated SOFC system

SOFC usually operate at high temperatures in the range of 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 system 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 Combined Cooling, Heating, and Power (CCHP)
plants was carried out by Saito et al. [22]. They carried out electricity 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 [23-29]. Siemens-
Westinghouse Power Corporation developed the first hybrid power system, which
integrated an SOFC stack with a gas turbine engine. The pressurized (3atm) system
generated 220kW of electrical power at a net electrical efficiency of 53.5% [30]. Mueller et
al. [31] 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- Organic Rankine Cycle
(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 [32] presented an energetic
analysis for a combined power 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
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optimum value of fuel utilization factor maximizing the efficiency. Al-Sulaiman et al. [33]
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. [34] 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. [35] 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.
[36] 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. [37] 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 [38], 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 [39], Al-Sulaiman et al.
compared performance of three different CCHP systems based on SOFC, Biomass, and Solar
using ORC. 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 [40] 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. [41,42] 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%
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and 46%, respectively. Leong [43] analyzed an integrated natural gas fed solid oxide fuel cell
with a zeolite/water adsorption chiller. The results show that the proposed cogeneration
system can achieve a total efficiency (combined electrical power and cooling power) of more
than 77%. 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 [44]. Zink et al. [45] 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. [46]. The system performance was analyzed under different fuel
utilization ratio, fuel flow ratio, and air inlet temperature. Al-Sulaiman et al. studied the use
of an SOFC integrated with both ORC and absorption chiller [33]. In this study, the waste heat
from the ORC is used to produce cooling using a single-effect absorption chiller. The study
shows that the maximum efficiency of the trigeneration plant is 74%, heating cogeneration
is 71%, cooling cogeneration is 57% and net electricity is 46%. Asghari et al. [47] studied
dynamic integration of SOFC with AC and ORC. Figure 8 shows the schematic of configuration
of this study. Results showed that the SOFC was capable of following the highly dynamic load
with an average electrical efficiency of 46%. An average of 7% more power was produced
through the ORC cycle with an average efficiency of 10%. The AC generated an average
125kW of cooling with an average Coefficient of Performance (COP) of 1.08.
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Figure 8. Schematic configuration of the SOFC-ORC-AC system [47].

Mehpoya et al. [48] investigated optimal design of solid oxide fuel cell-gas turbine power
plant, Rankine steam cycle and ammonia-water absorption refrigeration. Results indicate
that electrical efficiency of the combined system is 62.4% Lower Heating Value (LHV).
Produced refrigeration (at 10°C) and heat recovery are 101kW and 22.1kW respectively. In
[49], Rokni studied SOFC system integrated with an absorption chiller for special
applications such as hotels, resorts, hospitals, etc. with a focus on plant design and
performance. The proposal system is based on the idea of gasifying the municipal waste,
producing syngas serving as fuel for the trigeneration system. It is shown that the energy
efficiency of such small tri-generation system is more than 83% with net power of 170kW
and district energy of about 250W. Tian et al. [50] proposed and investigated an integrated
SOFC system, an ORC, and an ammonia water absorption chiller with a CO2 capture system
is proposed and investigated. The results show that the net electrical efficiency and the
exergy efficiency of the integrated system can reach 52.83% and 59.96%, respectively. The
trigeneration efficiencies of the combined system without and with CO2 capture are 74.28%

and 72.23%, respectively.
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During recent years there have been some research on integration of SOFC with adsorption
technologies [51-54]. In [54] Wu et al. have studies SOFC combined heat and power system
integrated with adsorption refrigeration subsystem. Figure 9 shows the proposed system
schematic. The authors dynamically simulated the integrated system. Simulation results
show the proposed system produces 4.35kW of electrical power, 2.448kW of exhaust heat
power, and 1.348kW of cooling power. The energy efficiency of the system is 64.9% and the
COP of the refrigeration system is 0.32.
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Figure 9. Proposed SOFC trigeneration system, consisting of three subsystems: SOFC-CHP system, adsorption

refrigeration system, and water tank equipped with a temperature controller[54].
2.2.3 SOFCdriven data center
The implementation of SOFC technology in data centers has many advantages including fuel
flexibility, lower emissions, higher production efficiency, and the production of high-quality

exhaust heat for co-generation applications. These advantages could reduce the data center’s

footprint through the synergistic integration of power and cooling to supply the data center.
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eBay installed 6MW of fuel cell from Bloom Energy as the primary power source for their
data center in Utah while using the local utility grid for backup [55]. In 2013, Apple installed
10MW capacity high temperature fuel cells to power their entire data center [56]. Equinix
started a project in 2017 to power 12 data centers in US with a total capacity of more than
37MW of Bloom fuel cell [57]. Microsoft in collaboration with the National Fuel Cell Research
Center (NFCRC) demonstrated the concept of a rack of data center servers powered directly
by the DC output of a fuel cell stack for the first time at the NFCRC in University of California,
Irvine [58]. Etemadieh [59] looked into using SOFC system for data center application. Later,
Microsoft started a new Advanced Energy Lab in Seattle, Washington to power 20 data
center racks directly from DC power of SOFC systems [60]. Direct highly efficient power
generation at the rack level removes the need for complex power distribution systems,
reduces costs significantly, and allows decentralized architecture. Having shown [61] that
the desired reliability is achievable through well-designed distributed fuel cell power
systems, backup power sources are no longer required. National Renewable Energy
Laboratory (NREL) [62] recently have started looking at rack level powered data centers
using PEM fuel cells while producing hydrogen fuel for fuel cells by on site electrolysis using

renewable resources.

2.2.4 Ammonia for SOFC

SOFCs are promising technology that can directly operate on variety of fuels and the high
temperature operation allows internal reforming of carbonated gas. As an alternate to
carbonated fuel and due to high pressure required for storage of H2, ammonia is getting more
attention as a potential fuel for SOFC. Ammonia is carbon free, widely available, and has
comparative price as hydrocarbons. Is it easily liquified and volumetric energy density of
liquefied ammonia is higher than that of liquid hydrogen, which is useful in transport and
storage. Anode and cathode half reactions of ammonia fed SOFC are presented by Equation
11to Equation 14 . The route of utilization of ammonia on SOFC is a two-step process [63-
67]. The ammonia first decomposes to hydrogen on the anode side (Equation 11), followed

by electrochemical oxidation of generated hydrogen to form water (Equation 14).
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Anode side: 2NH; — 3H, + N, Equation 11

Anode side: H, —» 2H* + 2e~ Equation 12
Cathode side: 0, + 2e - 20%~ Equation 13
Overall reaction: 2NH3 + 0, - N, + 2H,0 Equation 14

A few groups have reported the promising performance of ammonia-fueled SOFCs [67-73],
however, there are very few studies looking into long term degradation effect of SOFC fueled
by ammonia [65]. Bernhard et al. [73] tested the performance of ammonia as fuel for SOFC,
their results showed that ammonia exhibits excellent performance as fuel for SOFC however,
in their EIS measurements they observed significant increase in ohmic resistance. They
found that operating at counter flow is more favorable to co-flow as less ohmic and diffusion
resistance was measured. Occurrence of nickel nitrite, microscopic pores and particle
enlargement and agglomerations was observed in microstructure imaging. Hung et al. [74]
studied the effect of pressurized ammonia fed on anode supported SOFC. Their finding
showed that pressurizing and increasing temperature enhances the performance of
ammonia fed SOFC. In addition, the SEM results of 10h stability test shows no microstructure
change or degradation as well as the same element atomic percentage on Ni-YSZ on anode
surface from Energy Dispersive X-Ray (EDX) spectra. Fuerte et al. [65] research showed
similar behavior for ammonia fed SOFC compared to hydrogen fed SOFC at 700°C. However,
Yang et al. [64] studied ammonia fed Ni/YSZ anode at 600°C and 700°C and their results
demonstrated Ni was partially nitrated under the ammonia atmosphere. Literature findings
on effect of ammonia on degradation of SOFC is inconsistent, as a result further investigation
specially for long term degradation seems necessary. This work evaluates the long-term
degradation effect of direct ammonia conversion on SOFC. EIS characterization, SEM Imaging

and EDX quantifications are tools used in investigating the degradation of SOFC.
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2.3 Liquid desiccant technology and system

Liquid desiccants have been used to produce dry air first in 1930s by Frigidaire Division of
General Motors. The interest in liquid desiccants was increased after energy crisis and gas
bubble in 1970s and 1980s. most on the interest was limited to Research & Development
(R&D) activities until 1997, when Drykor started selling several thousands of LDAC until
2004 [75]. Interest in liquid desiccant dehumidification and cooling has increased due to

liquid desiccant multiple benefits such as [76,77]:
. LDACs do not run based on climate polluting or toxic refrigerants.
. LDACs can be powered by low grade waste heat (45°C upwards).

. LDACs can dehumidify the air at a temperature above its dew point, therefore they do

not need a reheat process such as that required by conventional AC technologies.

. LDACs run mostly on heat; their electric demand is typically one-fourth that of
a vapor-compression air conditioner.

. LDAC decouples latent and sensible heat removal.

. LDACs are exceptionally good at dehumidifying air; almost all the cooling they

provide can be latent cooling.

These benefits allow LDACs to overcome problems with the conventional air conditioning.
The most commonly used air conditioning is Vapor Compression Systems (VCS) due to
stability in performance, lower cost, long life and resendable COP of between 2-4 [76].
However, VCS use harmful refrigerants such as R-22, R-41-A, and R- 134A which have high
global warming potential and consume significant amount of electrical energy to drive the
compressor [77]. Conventional cooling system such as chilled water or VCS cannot meet the
latent cooling load on humid days. The other popular air conditioning systems are
absorption chillers, which replace the electric driven compressor with a heat driven
absorber and generator. The COP of these systems is in the range of 0.5 in single effect cycles
and up to 1.2 in double effect cycles [78]. All conventional chillers and air conditioners cool

the air sensibly and, dehumidify the air by lowering the air temperature below its dewpoint
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so that moisture condenses and can be removed. The air that leaves this cooling coil in these

traditional cooling systems is thus close to saturated conditions [79].

For supplying air at 18°C and 50% relative humidity, a conventional cooling system cools the
air to 8°C as and then reheats the air to 18°C as it is shown with blue lines in Figure 10. In
this case the air conditioner is overcoming roughly 30% more than is required to meet the
load, and then also using even more power to reheat the air to desired supply temperature.
A LDAC uses liquid desiccant to dehumidify the air the supply air to 25% relative humidity
and a temperature that is 10C above the desired temperature. It performs almost 100%
latent cooling (in case of internal cooling), then relies on a separate cooling for remaining
sensible cooling and eliminate the overcooling/heating process [79,80]. Table 1 shows the

comparison of liquid desiccant dehumidifier and VCS [81].
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Figure 10. Liquid desiccant comparison to conventional air conditioning system.
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Table 1. Comparison between liquid desiccant and vapor compression cooling [81].

Parameter Vapor . Liquid Desiccant
Compression

Initial Investment Similar Similar

Operation cost High Up to 40% saving

Driving Energy Source Electricity, natural | Low-grade heat

gas
Humidity Control Average Accurate
Temperature Control Accurate Average
Indoor Air Quality Average Good
Location Specific Slightly Yes

System Instalment Average Complicated
System Storage Capacity | Bad Good

Figure 11 shows a typical industrial liquid desiccant system. In the absorber (also called
conditioner) liquid desiccant absorbs the water from the air and dehumidifies the air. In this
case, the regenerator is a bed of structured contact media similar to cooling tower. Liquid
desiccant is first cooled to increase the ability of it to absorb water, and then sprayed onto
the contact media. In this system, high flow rate of desiccant limits the desiccant temperature
rises during absorption process. The air comes in direct contact with the liquid desiccant and
gets dried and cooled. Typically, a ratio of the desiccant-to-air mass flow ratio that is on the
order of one will limit the temperature rise of the desiccant. During the absorption process
the liquid desiccant fluid becomes “weak,” that is, the desiccant concentration in water is
lowered. The desiccant fluid must then be regenerated (concentration of desiccant in water
raised) to remove the water that was absorbed in the absorber. The regeneration process is
the reverse of absorption. The desiccant is heated to a temperature at which the water
equilibrium pressure is higher than the ambient air water vapor pressure. Hot desiccant,
typically between 70°C to 90°C, is sprayed over a bed of porous structure. The water is
desorbed from the hot desiccant to flowing air through the bed. This air is typically

exhausted to ambient. To reduce the energy use in the heater and cooler, usually an
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interchange heat exchanger is used to preheat the weak desiccant and leaving the

conditioner with hot strong desiccant leaving the regenerator [75,82]
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Figure 11. Conceptual layout of industrial liquid-desiccant system [75].

Liquid desiccants have lower regeneration temperatures, higher dehumidification capacity
and lower air side pressure drop which reduces the fan power. Liquid desiccant makes
energy storage possible and has higher capacities to hold moisture than solid desiccants.
With liquid desiccant simultaneous cooling and dehumidification is achievable. Solid
desiccants are compact, simple, less subject to carryover and corrosion which the carry over
problem of LDAC has been solved with new generation of liquid desiccant. Also, the cost of

manufacturing a liquid desiccant system is lower than that of a solid desiccant wheel [76,83].

2.3.1 Liquid desiccant solution

Liquid desiccants are material that have high attraction to water. Lithium chloride (LiCl),

Calcium Chloride (CaClz) and Lithium Bromide (LiBr) are common types of liquid desiccants.
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CaClz is the cheapest solution [84] but has the poorest absorption ability. The strength of a
desiccant is measured by its vapor pressure. When liquid desiccant is in equilibrium with the
humid air, the temperature and vapor pressure of the humid air and the liquid desiccant
should be the same. The equivalent humidity ratio of liquid desiccant (w, can be found with
the equilibrium state of the air as shown in Equation 15, where P is atmospheric pressure

and ps is the desiccant’s vapor pressure).

Ps

Equation 15

We = 0.622

Ps

At any given temperature, desiccant that has a water vapor pressure in equilibrium with the
humidity ratio of the air (iso-concentration line), produces a line that is closely in line with a
constant relative humidity line on psychometric chart. Lower concentrations of desiccant
come into equilibrium at higher ambient air Relative Humidity (RH) levels. Liquid desiccant
dehumidification is the inverse of evaporative cooling. Liquid desiccant can either absorb or
desorb water from the air based on its relative humidity. If the equilibrium relative humidity
of desiccant is below the relative humidity of the air, the desiccant absorbs water from the
air and its temperature increases. The temperature that the air-desiccant interface
approaches is called the brine-bulb temperature. This temperature is dependent upon air
temperature and humidity, and liquid desiccant concentration in solution with water. The
brine temperature is slightly higher than the temperature of intersection of constant
enthalpy line from air state to equilibrium relative humidity of desiccant. This is due to the
chemical heat of mixing between water and desiccant that is released in addition to latent

heat of condensation.

During the dehumidification process, liquid desiccant absorbs the water from the air and
releases heat, which decreases its water vapor pressure and ability to absorb water.
Desiccant’s ability to absorbs water also decreases by increasing its temperature. For
example, if a 43% LiCl at 26.6°C can dry the air to 23.2 grains. But, absorbing the amount of
water that dilutes it from 43% to 42% would increase the desiccant temperature to 50.5°C
which decreases the ability of desiccant to dry the air to 107.6 grains, whereas if we keep the
desiccant temperature at 26.6°C, the 42% solution can dry air to 25.7 grains. The red arrow

in Figure 12 shows the ambient air driving to equilibrium with LiCl in case of keeping the
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free surface of the desiccant at 26.6 C temperature. Increasing the temperature has the
highest effects on desiccant losing its drying potential. Liu XH et al. [85], showed thatin order
to obtain better humidification performance, liquid desiccant should be heated rather than

the air, and counter flow configuration is recommended.
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Figure 12. Equilibrium relative humidity for lithium chloride.

Design of a liquid desiccant system depends on the choice of desiccant. Both glycols and
solutions halide salts are used in LDAC. LiCl, CaClz and LiBr are three of the most widely used
halide salt desiccant solutions. Different Studies [86-88] measured thermodynamic
properties of these three desiccants, and they found that LiCl solution is the most stable
liquid desiccant, which offers the lowest water vapor pressure and dehydration
concentration 30-40%. However, the cost of LiCl is relatively high. LiBr solution offers
similar characteristics during dehumidification and regeneration process, but the cost of
LiBr is about 20% higher than LiCl. Lithium based desiccants can be expensive especially
when the storage of concentrated desiccant is important [75]. LiBr and LiCl are strong

desiccants that can respectively dry the air to 6% relative humidity and 11% if they are
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saturates solution. LiBr is mainly used in closed system that doesn’t have direct contact with
air due to their higher oxidation potential and LiCl is mainly used in open systems. CaClz
solution is the cheapest and most widely available desiccant, but it can be unstable,
depending on the air inlet conditions and the solution concentration rate. Halide salts are
very corrosive to metals, so all the equipment is typically made of fiberglass, plastic, or other
nonmetallic materials. For the cases that metal must be used, titanium is commonly specified
[83]. As a less corrosive and more environmentally friendly solution, Potassium Formate
(KCOOH) solution has recently been applied in desiccant cooling unit. KCOOH solution has
low toxicity and viscosity, and they are neither corrosive nor volatile [89]. However, Longo
and Gasperella [90] experimentally tested the performances of a liquid desiccant cooling
system using LiBr, LiCl and KCOOH solutions. Results show that LiCl and LiBr solutions
demonstrated better dehumidification performance compared with KCOOH solution, which

performed better in regeneration process.

Glycols are mainly used in industrial equipment. Glycols such as triethylene and propylene
have low toxicity and compatible with most metals, but they are volatile. A mixture of 96%
triethylene glycol and 4% water the same effect as a 42% lithium chloride solution. However,
at equilibrium, the molar concentration of the glycol in air will be in the order of 1% that of
the water vapor. The environmental impact and economic penalty of the triethylene glycol

volatility in unacceptable in LDACs [75,83].

2.3.2 Liquid desiccant system classification and design

Liquid desiccant systems can be classified as direct-contact or indirect contact, as adiabatic
or intercooler, and by flow pattern: parallel flow, cross flow, counter flow and counter-cross
flow. Contactors (porous beds of various designs) are typically used to bring the desiccant
solution and air stream into contact for both the dehumidification and regeneration
processes. In direct-contact dehumidifiers/regenerators, heat and water vapor transfer take
place between air and desiccant solution streams through direct contact. Desiccant solution
usually flows downward due to gravity. The processed air can either flow in a parallel,
counter or a cross flow (the most commonly used) manner across the contactor surface.

However, counter flow systems are generally showing better dehumidification ability
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compared with other two flow patterns due to the fact that the outlet air stream is located at
the entrance of the fresh desiccant solution’s inlet [91] .This can be either in a direct or in
direct manner. In an adiabatic dehumidifier, the solution temperature increases which
gradually decreases the solution dehumidification capability [92]. By introducing internal
cooling, the heat can be removed from liquid desiccant, which keeps the solution vapor
pressure at lower level and improving the dehumidification process. Experimental and
theoretical research [92,93] results indicate that internally cooled dehumidifier offers higher

dehumidification effectiveness.

The most commonly used and studied liquid desiccant dehumidifier/regenerator systems
amongst the various direct contact types incorporate packed beds [94]. In this design,
solution is usually distributed from the top of the packed bed with the help of spray nozzles
and flows over the packed bed where it comes in direct contact with the air stream. This
design is inexpensive and widely used for commercial and residential because it allows large
contacting area between air and desiccant with simple configuration. High heat and mass
transfer efficiency but the air flowing through the highly flooded porous beds causes a large
pressure drop on process air side and, thus, high parasitic power consumption while flowing
through the packing material. It also requires a separate heat exchanger to cool the desiccant
before it is delivered to the porous bed, and the air may entrain droplets of desiccant as it
flows through the highly flooded porous bed. This last disadvantage is particularly important
because of the corrosiveness of the desiccant. Carryover of desiccant droplets can be
eliminated by droplet filters, but at the expense of additional pressure drop. In an internally
cooled/heated (i.e. isothermal) packed bed, the solution is continuously cooled /heated by a
third fluid (e.g. water) as it passes through the packed bed. As a result, the solution
experiences no (or small) change in its temperature as it passes through the packed bed, and
consequently the potential for mass transfer is improved compared to an adiabatic packed
bed [94]. Bansal et al. [95] compared the experimental performances of adiabatic and
internally-cooled packed-bed dehumidifiers. It was found that the effectiveness of the
internally-cooled packed bed is 28-45% higher than the effectiveness of the adiabatic
packed bed, depending on the operating conditions. It was found that the counter flow

configuration has the highest effectiveness under air dehumidification and hot desiccant-
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driven regeneration conditions, compared to parallel-flow and cross-flow configurations,
while, the parallel-flow configuration resulted in the highest effectiveness under hot air-
driven regeneration conditions [85,96]. Although the packed-bed design is characterized by
several advantages, the transfer of liquid droplets to the air stream (called carryover) is a
drawback of the packed-bed design especially when it is operated under high flow rates.
Thus, a mist eliminator is usually installed at the air exit to capture any entrained desiccant
droplets, which increases the air-side pressure drop, as well as the capital and operating

costs of the packed bed LDAC system [75,79,94].

AIL Research patented a low flow LDAC with more than an order of magnitude less flow of
desiccant compared to flooded-bed systems in 1994. This design replaces the bed of porous
contact media with a plastic heat exchanger that has internal cooling/heating. In high flow
LDAC, depending on the whether it's a conditioner or regenerator, the liquid desiccant is
either cooled or heated before it is sprayed or dripped onto the packed bed. Low flow LDAC
has internal cooling or heating in which heat transfer fluid flows within the plates of the heat
exchanger, desiccant flows on the outer surface of the plates, and air flows between the
plates which are spaced 0.25in. This system does not rely on thermal mass of liquid desiccant
to control its temperature [83]. Figure 13 shows the main three components of internal
cooling systems: the conditioner, the regenerator, and the Interchange Heat Exchanger
(IHX). The conditioner and regenerator both are liquid to air heat exchanger. A very thin film
of desiccant flow in wicks on the outer surfaces of the plates, and air flows in the gaps
between the plates. For conditioner a coolant typically water from cooling tower (55°-85°F)
flows within the plates, however, for regenerator, hot water (160°-212°F) which can be
supplied by boiler or solar thermal collectors, recovered heat from an engine or fuel cell, or
other energy source flows within the plates. An interchange heat exchanger is used to
increases the efficiency of the regenerator and decreases the cooling load on the conditioner.
The warm, humid air leaving the regenerator can also be used in an air to air heat exchanger

to preheat the air that enters the regenerator.
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Figure 13. Major components and packaging of the AILR LDAC [83].

Three basic ways to regenerate the desiccant system is with a thermal source: solar, water
heater, and a double effect. The water heater or boiler can be fueled by many sources,
including natural gas, Combined Heat and Power (CHP), or even biofuels. Hot water can also
be produced by recovered heat from an engine or fuel cell, or other energy source flows
within the plates. Thermally driven single stage regenerators are typically supplied by hot
water above 70°C, but preferably 82°C. The higher fluid temperatures increase the water

removal capacity of regenerator significantly [75,83].

2.3.3 Integrated liquid desiccant air conditioning

Integration of LDAC with a dewpoint indirect evaporative cooler can efficiently deliver both
latent and sensible cooling with minimal electric demands. This integration has been
developed and patented by NREL (Alliance for Sustainable Energy LLC 2008) and been
named Desiccant enhanced Evaporative air-conditioning (DEVap) [83]. As shown in Figure

14 in DEVap concept a portion of warm indoor air is mixed with ventilation air. This mixed
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air goes through the heat exchanger and comes into contact with the liquid desiccant through
a permeable channel. The desiccant absorbs the water vapor in the air. Then, air is cooled
and supplied to the building space. A portion of supplied air which has its dew point reduced
is recirculated as the secondary air stream. This secondary air comes into contact with the
water layer through a permeable membrane. Water evaporates into the air through the
membrane. The two air steams are separated through the plastic sheets thermal energy

including the heat of absorption flows.
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Figure 14. Physical DEVap Concept description[83].

The use of membrane technology prevents the desiccant carry over into the supply air
stream and it provides a large contact surface area for the heat and mass transfer between
the liquid and air. As a result, membrane-based contactors can effectively improve the
performance of a liquid desiccant-based air conditioning processes. The introduction of a
membrane provides additional resistance to heat and mass transfer, therefore much work is
focused on improving this with novel supported liquid membranes [75]. The waterside
membrane is not necessary and omitting it can reduce the cost. However, the semipermeable
membrane is necessary for desiccant side to prevent desiccant leak to the air. The

breakthrough pressure should be 20psi or lower to avoid desiccant leakage. The membrane
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should be 25um and have pore size of 0.1um. Its open area should exceed 70% to promote
vapor transport. Polypropylene membrane from Celgard is one possible candidate for DEVap
application [83]. The deep cooling of the indirect evaporative cooler section requires a dry
cooling sink; thus, some dry supply air is siphoned off (5%-30% under maximum cooling
load) to provide this exhaust air stream. This section is placed in a counter flow arrangement
to maximize the use of this air stream. This is essential because it has been dried with
desiccant, and thus has a higher embodied energy than unconditioned air. The result is that
the temperature of supply air is limited by its dew point and will come out between 55°-
75°F depending on how much is siphoned off. Combined with the desiccant’s variable drying
ability, the DEVap Air Conditioning (A/C) system controls sensible and latent cooling
independently. DEVap does not require a cooling tower, which reduces its maintenance
requirements. Dehumidification can be controlled by the desiccant concentration that is
supplied to the device. The outlet humidity level can be controlled by controlling the supplied
desiccant concentration or decreasing the flow of highly concentrated desiccant. The latter
allows the highly concentrated desiccant to quickly be diluted and thus act as a weaker
desiccant solution in the device. From inspection, the peak electricity draw of the DEVap A/C
is considerably less than the standard A/C. This is primarily because compressor power is
eliminated and replaced with only fan power to push air through the DEVap cooling core

[83].

NREL have designed a 1-ton DEVap system for a typical Gulf Coast condition with no water
side membrane and LiCl as the desiccant as shown in Figure 15. Figure 16 shows the
airstream process of DEVap on psychrometric chart. The design criteria were to supply
cooling to the building at 7Btu/lb (380cfm/ton) and a Sensible Heat Ratio (SHR) of 0.6 while
maintaining 55% indoor RH. NREL models shows that in all residential cases, the DEVap A/C
provided more than necessary humidity control. Allowing indoor humidity to rise above
50% RH would have significant energy improvement. In the summertime, when sensible
loads are high (high SHR), the DEVap A/C continuously maintained the space at less than
50% RH. This level of humidity control can be reduced to create higher energy savings. In
general, DEVap perform better in new construction building with added ventilation and

tighter envelope because sensible heat ratio decreases. Their analysis shows regional water
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use (site + off-site) for the DEVap system is 2.0-3.0gal/ton.hr, is similar to the regional
impact that DX A/C imposes (off-site only). The DEVap A/C does increase site water use, but
in general, the regional impact is small. Implementation of the DEVap A/C in commercial
cases shows a higher energy savings level than the residential cases, primarily because of the
higher cooling loads of commercial buildings and their increased ventilation requirements.
DEVap regional water use is expected to be 2.0-3.0gal/ton.hr for commercial buildings.
Similar to the residential case, the DEVap A/C has minimal impact on regional water use

compared to DX A/C [83,97].
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The integration of LDCS with VCS can provide subcooling effect from the condenser outlet to
the compressor inlet which leads to improved system performance. She et al. [98] proposed
a new energy-efficient refrigeration system subcooled by liquid desiccant dehumidification
and evaporation. In the proposed system, liquid desiccant system produces very dry air for
an indirect evaporative cooler, which sub-cools the vapor compression refrigeration system
to get higher COP than conventional refrigeration system. The desiccant cooling system uses
the condensation heat for the desiccant regeneration. The results show great improvement
of COP for the proposed system, with maximum COPs about 18.8% higher than that of
conventional VCS. Khalil [99] experimentally investigate a multipurpose desiccant
integrated with vapor-compression air conditioning. The system is designed to meet the
cooling load of spaces with large latent heat and at the same time to extract water from
atmospheric air. Te integrated system total cooling capacity is up to 6.2kW. The effect of
regeneration temperature, condenser and evaporator temperature on the system COP and
specific moisture recovery were analyzed under different liquid desiccant flow rates. The

authors concluded that the COP of the proposed system was as high as 3.8 (68% higher than
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that of conventional VCS), with further 53% more annual energy saving. Based on the similar
testing, Bassuoni [100] has applied CaCl: as the desiccant for the experimental testing. The
results showed that about 54% COP improvement was achieved. Many studies have
proposed hybrid LDAC- VCS where the liquid desiccant has been used to dehumidify the
supply air [101-103]. Mansuriya et al. [103] analyzed a modified liquid desiccant
dehumidification incorporated vapor compression refrigeration system based on thermo-
economic approach. The system is optimized based on the co-efficient of performance and
the total annual cost of the system. The results show that 51.3% of the total cooling load can
be handled by the desiccant dehumidifier alone. This significant sharing of heat duty by
addition of liquid desiccant dehumidification to conventional vapor compression
refrigeration system justifies this hybridization for humid and hotter climates. COP of
optimized system shows 68.4% improve compared to coefficient of performance of stand-
alone vapor compression refrigeration system for handling the same cooling load. Dai et al.
[104] studies the integration of desiccant dehumidification, evaporative cooling and vapor
compression air conditioning. In this system, latent cooling of the air is carried out in the
dehumidifier, and air sensible cooling via the VCS cooling coil. Experimental investigation
demonstrates significant increase (56%) in cooling production and COP of the new hybrid
system compared with vapor compression system alone. Capozzoli et al. [105] has
economically analyzed a case based on the climatic conditions of three cities in Italy. Their
results show considerable reduction of electric energy demand as well as better control of
thermal-hygrometric conditions were noted. A simple payback of about 1 year has been
obtained. Researchers have also studied integration of solar driven hybrid liquid desiccant
and VCS. Li et al. [106] analyzed this system for Hong Kong climate condition using
EnergyPlus. The results showed that an annual operation energy saving of 6760kWh
compared to conventional VCS and a payback period of 7 years for a 19kW cooling capacity
design system. Su et al. [107] looks at driving vapor compression chiller by generated
electricity from solar for cooling the desiccant solution for a two-stage dehumidification, and
the released heat from the collector is used for the desiccant regeneration. Simulation results
show the proposed system has a superior power saving ability of 55.65% comparing with
the conventional one, besides the equivalent power generation efficiency reaches 8.7% in

the base design condition. A comparative driven force analysis showed the two-stage
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dehumidification has a better match of driven force compared with the single-stage liquid
desiccant dehumidification, thus leading to a reduced irreversible loss of 65.43%. Sensitivity
analysis indicated that the dehumidification temperature has a decisive effect on the system

performance.

In heap pump driven systems, the cooling capacity from the evaporator is used to cool the
liquid desiccant and exhaust heat from the condenser is used to regenerate the liquid
desiccant. In this process, there are two air streams, one outdoor fresh air (al) that will be
cooled and dehumidifier, and the second one (a3), a stream air used to regenerate the liquid
desiccant (a3). In this configuration there are three liquid desiccant circulation flow as
shown in Figure 17: one in dehumidifier (S5-S6), one in regenerator (S7, S8), and one
circulating between the heat exchanger (S1-S2, S3-S4). The flow rate in the latter one is one

order of magnitude less than the other two flows [75].
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Figure 17. Heat pump driven liquid desiccant air handling devices [75].

Many studies have been conducted on combined heat pump desiccant dehumidifiers for
different case studies, different configurations, and different desiccant solutions. All these
studies have theoretically and experimentally shown improvement in COP and energy
savings [108-118]. Sanaye et al. [117] modeled and optimized a hybrid liquid desiccant-heat
pump system containing dehumidification and cooling section. The system was analyzed in

four energy, exergy, economic and environmental aspects. Then, the system was optimized
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for total annual cost and exergy efficiency. Results for our case study showed that the
proposed optimized system decreased the electricity consumption for 33.2% in comparison
with that for an electrical HP system during seven months of operation in a year (18.9% due
to using desiccant dehumidifying system and 81.1% due to using a heat exchanger instead
of an electrical heater). This amount of lower electricity consumption also provided
1.85e5kgC02/year lower CO2 production (33.2%) in comparison with that for a conventional
HP system. The COP of the system at the optimum point was also about 4.83 (in comparison
with 2.74 for the conventional case in which heat pump and electrical heater were used).
Jradi and Riffat [119] experimentally investigated a micro-scale tri-generation consisting of
an organic Rankine-cycle, dehumidification and cooling unit. A scroll expander was used in
the Rankine unit for heat and power generation. Cooling unit was a dew point evaporative
cooler to provide the cooling capacity through air cooling. An experimental setup was built
and the micro-scale tri-generation system was tested under different operational conditions
using a wood pellet biomass boiler as a heating source. It is shown that the proposed system
is capable of providing about 9.6kW heating power, 6.5kW cooling power and 500W electric
power. The overall efficiency of the tri-generation system is about 85%. The

dehumidification-cooling system has a thermal COP of 0.86 and electrical COP of 7.7.

Solar has been used as the heating source for solution regeneration. The solution
temperature is usually below 80°C which fit well with solar provided temperature and solar
radiation availability matches with cooling demand [120]. During recent years many
researches have been investigating integration of LDAC with solar theoretically and
experimentally. Katejanekam and Kumar [121] simulated a solar regenerated liquid
desiccant ventilation pre-conditioning system for Thailand climate. In their proposed
system, the solar energy is used for regeneration process and cooling water from a cooling
tower for precooling. The effects of various parameters on the moisture removal rate and
evaporation rate were analyzed theoretically. The results suggest that the solar radiation,
ventilation rate, and desiccant solution concentration have the most influence on the system.
They also suggested that balance between the water removed at the dehumidifier and that
evaporated at the regenerator needs to be considered to maintain uniform performance

during continuous operation. Similarly, Mohaisen and Ma [122] developed and simulated a
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solar assisted liquid dehumidification air conditioning system using LiCl solution on Matlab
Simulink platform. Their result has been validated with experimental results by Fumo and
Goswami [123]. The simulation results based on three consecutive sunny summer days in
Sydney show daily COP of 0.5-0.55 by the proposed system and 73.4% of thermal energy
required for thermal regeneration was provided by the solar collectors. Croffot and
Harrisson [124] experimentally evaluated the performance of a solar driven system installed
in Canada. The system includes a low-flow parallel plate liquid desiccant air conditioner, and
a 95m? evacuated tube solar collector array. Results from five test days have shown an
overall solar collector efficiency of 56%, solar fraction of 63% and a thermal COP of 0.47. The
average total cooling was 12.3kW and average latent cooling was 13.2kW. Peng et al. [125]
studied a solar air pre-treatment collector/regenerator. Their simulation results showed
that the storage capacity of proposed system could be improved by 50%, when the
regeneration temperature was 60°C, and the inlet air specific humidity was 2.33kg/kg. In
another study, Lychnos and Davies [113] performed experimental and theoretical
simulation for a solar powered liquid desiccant system using MgClz. The theoretical model
was developed and verified with the experimental results. Compared with conventional
evaporative cooler, the proposed system could further lower the average daily maximum
temperature by 5.5-7.5°C. Alizadeh [126] fields tested implementing polymer plate heat
exchanger into LDAC in Australia summer weather condition. Lithium chloride with 43%
was used in the experiments and a scavenger air regenerator concentrates the dilute solution
from the dehumidifier using hot water from flat plate solar. Alizadeh [126] experimentally
analyzed the effects of various air flow rate and desiccant flow rate on the system
performance. The experimentally obtained data was compared with a developed model. The
comparison showed a good agreement between the experiments and model predictions. The
results showed that the proposed system could provide cooling capacity up to 20kW with

dehumidification efficiency up to 72%.

Qi et al. [127] simulated yearly system performance of solar assisted LDAC for commercial
application in five cities (Singapore, Beijing, Huston, LA and Boulder). In this study, the
effects of various solar collector areas and monthly solar radiations, ambient air conditions

on the electricity consumption saving and monthly average COP were theoretically analyzed.
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Results shows that for buildings located in humid areas with low sensible-total heat ratio,
the electricity energy reduction of the system was high and about 450MWh in Houston and
Singapore and payback was approximately 7 years. For building in dry climate, although the
total cooling load was low, up to 45% of electricity of AC can be saved because of significant
improve in chiller COP during more than 70% of operation time and the payback was around
22 years. However, for the buildings with mild outdoor humidity, such as those in Beijing
and Los Angeles the electricity energy saved only around 100MWh and the cost payback
period was more than 30 years, and the application of LDAC was not that suitable. Li and
Zhang [128,129] investigated a solar energy driven hollow fiber membrane-based
desalination system. The system consists of a membrane-based humidifier, a fin-and-tube
type dehumidifier and a solar heating unit, which consists of a U-tube evacuated solar
collector and a heat storage tank. The hollow fiber membrane-based humidifier is similar to
a shell-and-tube heat mass exchanger. Through numerical modelling and experimental tests,
they found that the COP of the system can reach about 0.75 and electric COP of 36.13 is
achievable, which means electrical energy consumption is much less due to solar energy
reclamation. Results show that solar accounts for 92.0% of the electric energy consumption
by the entire system. Sensible heat losses account for most of the energy losses from the
system. Chen et al. [130] proposes solar assisted liquid desiccant dehumidifier and
regenerative indirect evaporative cooling (LDD- Regenerative Indirect Evaporative Cooling
(RIEC)) system for fresh air treatment. The hot and humid fresh air is firstly dehumidified
by LDD and then sensibly cooled by RIEC. The thermal energy captured by solar collectors is
used for desiccant solution regeneration. In this study, they have looked into the influences
of solar collector area and inlet air conditions and optimizing the extraction air ratio of RIEC.
The energy saving ratio is quantitatively evaluated with respect to a conventional A/C
system. Results shows that the energy saving ratio ranges from 22.4% to 53.2% under

various inlet air conditions.

This characteristic of liquid desiccant dehumidification system that the dilute liquid
desiccant can be regenerated by low grade heat makes it attractive option for integrating

with thermal sources. Many studies have been done on integration of liquid desiccant system
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with solar, vapor compression, heat pump, and CHPs. But only two research has been done

integrating liquid desiccant with SOFCs.
2.3.3.1 Liquid desiccant integrated with SOFC system

The typical SOFC system exhaust temperature matches very well with the required
temperature for liquid dehumidification [131]. Elmer [76] has looked into design,
development and proof of concept combined generation of power, cooling and heating based
on SOFC and Liquid desiccant air conditioning technology for building application. A 1.5kW
SOFC integrated with liquid desiccant has been proposed for providing heating, cooling and
electricity to low carbon buildings. Elmer et al. [132] used empirical SOFC and liquid
desiccant component data for an energetic, economic and environmental analysis. They have
used a simple 0D model in Engineering Equation Solver (EES) platform for regeneration,
dehumidifier and fuel cell. The model is based on dimensionless vapor pressure and
temperature difference ratio designed for packed bed liquid desiccant. The results show (1)
the moisture removal of the supply rate is mainly controlled by desiccant temperature and
cooling water temperature in constant flow rates. (2) The air inlet condition has a large effect
on cooling output performance and the unit performs better in a hot and humid climate. (3)
By increasing the regeneration heat source temperature more water vapor vaporizes from
the weak solution. The model they used have limitation such as not including the
effectiveness of heat and mass exchanger effectiveness, geometry of the contactor, and
desiccant carry over [76]. For desiccant air conditioning system Elmer [61] developed an
Integrated Desiccant air Conditioning System (IDCS). This system combines regenerator,
dehumidifier and evaporative inter-cooler into a single membrane-based heat and mass
exchanger to reduce the size, complexity and leakage. The IDCS operates with a KCOOH
desiccant working fluid. The liquid desiccant is sprays through nozzle from the top where
regenerator is located and flows downward due to gravity. In this design instead of
preheating desiccant before regeneration and precooling it before dehumidification, thermal
energy is supplied to the regenerator through airstream and an evaporative inter-cooler is
designed. This is because all desiccant flow is contained within one complete Heat and Mass
Exchanger (HMX) the solution cannot be extracted for prior heating and cooling. This feature

is weakness of this design as precooling and preheating of liquid desiccant increases the
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performance of the system [83] Their design was supposed to significantly reduces the
number of heat exchangers, pipes, and ducting in liquid desiccant air conditioning systems.
The main issue with this integrated system was imbalance between moisture removal rate
in the dehumidifier and moisture addition rate in the regenerator. This mass imbalance is
primarily due to the available surface area for heat and mass exchange in the regenerator
being too small and an insufficient vapor pressure differential between the air and desiccant
solution. In order to regenerate the desiccant solution back to its original condition following
the dehumidification process, the regenerator needs to operate for extended time periods.
Across the variables investigated there is a greater instantaneous moisture removal rate in
the dehumidifier than moisture addition rate in the regenerator. Desiccant solution
leakage/carry-over on the dehumidifier side of the HMX has been noticed during the
experiment as well [89]. In response to the highlighted shortcomings of the novel IDCS Theo
Elmer developed a Separated liquid Desiccant air Conditioning System (SDCS) for tri-
generation system integration. SDCS consist of three separate cores including dehumidifier,
regenerator, and an evaporative cooler. The SDCS uses a semi-permeable, microporous-
membrane-based crossflow contactor, operating with KCOOH desiccant solution. The
solution channel consists of polyethylene sheet, with fiber membrane attached on either side
to allow diffusion of water but prevent the liquid desiccant entering the air side. In
evaporative cooler, air and water come into contact in a crossflow HMX. Before liquid
desiccant entering the dehumidifier, a plate heat exchanger is used to precool the desiccant
to increase its potential. After dehumidifying the air, the weak solution enters the
dehumidifier tank. The regenerator has a tank and pump which delivers weak desiccant to
the top of regenerator. Desiccant is preheated before entering the dehumidifier. The strong
desiccant flows to regenerator tank after regeneration. In this design, because the entire
SDCS is placed within the environmental, the water for the evaporative cooler and desiccant
for dehumidifier are at the ambient temperature which has an impact on moisture
absorption capacity of the desiccant and the sensible cooling. This design causes little to no
sensible cooling achievable. Also, the evaporative cooler only provides around 80-150W of
cooling over their study range. As a result, the evaporative cooling provided is not enough to
produce a sufficient solution temperature decrease and to provide sensible cooling to the

supply air in the dehumidifier. Elmer et al. experimental results on SDCS show (1) effective

50



instantaneous balancing of the dehumidifier and regenerator across a range of
environmental and operational values, (2) operation of the dehumidifier is dictated, to some
degree by the available SOFC thermal exhaust, (3) COP values in the range of 0.4-0.66 are
achievable with a low-grade thermal input (45-60°C) typical of an SOFC CHP system and (4)
potential for non-synchronous operation in a tri-generation system context, bringing about
improvements to peak cooling output and total system efficiency [133]. Elmer et al. used
empirical SOFC and liquid desiccant component data for an energetic, economic and
environmental analysis. The 1.5kW BlueGen SOFC systems is electrically connected to the
grid to import or export as required. The waste heat recovery circuit is connected to a home’s
300L hot water cylinder which also includes an auxiliary gas boiler. Experimental results
shows that the electrical efficiency of SOFC system increases from 14% at 200W to maximum
of 60% at 1500W and then decreases to 56% as 2000W capacity. Thermal output from fuel
cells varies linearly from 320Ww at 200We to 540Wt at 1500W. The calculated water heat
recovery temperature for 21/min flow based varies between 47 C at 100We to 52°C at

2000W. [134].

Be Power Tech, Inc. [80] developed BeCool, a natural gas-powered air-conditioning system
that produced electricity as by product on the site. The innovative idea shifts some grid-
powered electricity for cooling demand to natural gas which would substantially reduce
peak summer power demand and help to reduce the need for costly peaking power plants.
Their studies showed that their 5ton BeCool unit eliminates ~ 10kW of peak electricity
demand, generates 43MWh/yr electricity and saves ~ 10MWh/yr compared to conventional
air conditioning. They build a prototype and the test results showed that the electrical power
efficiency was 45% to 60%. The primary potential energy saving is 4.1 Quads, and the
technology has the potential to reduce 222 million metric tons of CO2. Their analysis for
California climate 7 and 14 shows 53% CO2 reduction in a 50% electrical efficiency for fuel

cell and 90% combined heat and power efficient fuel cell system is used.

BeCool uses exhaust heat from the fuel cell and heat from the burner to increase the
concentration of LiCl to 42% mass fraction in the regeneration process. Be Power Tech
designed and built an experimental prototype BeCool system integrating a 2.5kW SOFC

system (EnGen system), a boost natural gas burner, and a custom-made liquid desiccant air
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conditioner designed to produce from 2.5-tons (8.8kW thermal) to 4-tons (14.0kW thermal)
of cooling. The system was tested under multiple outdoor air conditions. Their study showed
that, in all cases the heat supplied by the fuel cell was not sufficient to provide the heat
required for the air conditioning process, since these isolated tests could not rely on storage
from daily continuous regeneration. For this reason, the supplemental natural gas burner

was used to supply the heat required [80].

Integrated fuel cell dehumidification systems have never previously been studied for data
center application. The only two studies that have looked at integration of SOFC with
dehumidification systems were focused on building applications of the technology. The
models that have been used in previous studies are simple steady state models for the fuel
cell and liquid desiccant systems. In this study, [ investigate the integration of rack and row
level fuel cell powered servers with Liquid Desiccant Dehumidifier (LDD) technology that
can be dynamically dispatched to produce electricity and cooling in various amounts to meet
power and air conditioning demands of data centers. In addition, the storage capacity to
meet the demand of data center for the entire year is evaluated. The objectives of this phase
of the study focus on theoretically evaluating the integrated system concept and to assess
the achievable air conditioning from SOFC waste heat. To explore the feasibility of thermally
integrating SOFC with LDD, a spatially resolved physical model developed in MATLAB is used
to simulate the operating characteristics of this SOFC system. A corresponding physical
model is developed to simulate the liquid desiccant air conditioner for dehumidification. This
study considers SOFC systems capable of powering single server rack (~12kW) and row of
servers (~240kW) and the operation of an LDD for cooling and dehumidification of that
same configuration. The small-scale LDD operation is based on distributed waste heat from
each individual SOFC at the rack level. The analysis will indicate whether waste-heat based
cooling and dehumidification can power the servers and maintaining server operating

temperatures and humidity in the safe range for different weather conditions.
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3 SOFC System Modeling

3.1 SOFC stack model

A spatially and temporally resolved fuel cell stack model has been developed based on the
developed model in NFCRC using the MATLAB software [135]. The model is developed for
one unit cell that describes the response of the entire stack. 51 unitary anode-supported (fuel
electrode-supported) planar rectangular cells are assembled into one-unit SOFC stack.
Figure 18 presents one crossflow cell geometry with its components as well as a depiction
of two repeated cells in series. The planar rectangular cells are flexible, compact, easy to
produce, and have lower manufacturing cost compared to tubular cells. The unit cell consists
of five layers i.e., cathode flow, anode flow, Positive electrode, Electrolyte, Negative electrode

(PEN), fuel bipolar plate and air bipolar plate.

/ Fuel Plate

Anode
——

Electrolyte Bipolar Plate

Cathode

Air Flow

; Air Plate

YW

Figure 18. Planar fuel cell model.

The spatially and temporally resolved model uses different states to calculate parameters at
different nodes of a cell. These nodal states are calculated at each time step among set of
points in the time vector using the MATLAB Ordinary Differential Equation (ODE) solver.

These nodal states are composed of nodal temperatures of fuel and air separator plates
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(bipolar plates), temperature of fuel and air flows, nodal temperature of the PEN, nodal
concentration of different species in both cathode and anode flow sides (methane, hydrogen,
carbon monoxide, carbon dioxide, and steam species for anode side as well as oxygen and
nitrogen species at cathode side), nodal current and cathode/anode flow inlet pressure. The
evaluated parameters based on the mentioned states are nodal Nernst voltage, nodal voltage
losses, nodal operating voltage (should be obtained constant across the cell in order to satisfy
the equipotential surface condition), nodal molar flow rate of ions crossing the PEN, nodal
heat generation in the PEN, nodal heat and mass transfers and many other parameters. A
two-dimensional multi-layer approach is accomplished for both the electrochemical
modeling and heat transfer modeling resulting in a quasi-3-D representation of an
electrochemical cell. As an assumption, instantaneous electrochemical reactions are
assumed, due to relatively fast electrochemical reactions compared to cell and stack thermal
response dynamics. Using Faraday’s law, the rate of electrochemical reactions is directly
proportional to the cell current. Furthermore, it is considered that electrical current flows
only in one direction from one electrode to the other one along the PEN, as the electrical
potential is assumed constant on the electrode surfaces. In the developed model, gases

behave as ideal gas due to high operating temperature of the SOFC.

In this study a 5x5 spatial resolution (number of rows and columns) is accomplished for all
5 layers (fuel plate, fuel flow, PEN, air flow, air plate). The solid oxide fuel cell has an active
surface area of 139.24cm? (11.8cm x 11.8cm). Fuel cell module material properties are
presented in Table 2 and geometry parameters are presented in Table 3. Figure 19 depicts

schematically the geometric parameters of the fuel cell.

54



Table 2. Fuel cell material properties.

Material Properties|[135]

Anode (Fuel) Electrode Material Ni/YSZ Cermet
Cathode (Air) Electrode Material LSCF
Electrolyte Material YSZ Composite
Conductivity of Electrolyte (W/m. K) 6.19

Density of Electrolyte (kg/ms3) 375

Specific Heat of Electrolyte (J/kg. K) 800
Conductivity of Bipolar Plate (W/m. K) 5

Density of Bipolar Plate (kg/m3) 2000

Specific Heat of Bipolar Plate (J/kg. K) 600
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Figure 19. Geometric parameters of a fuel cell.
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Table 3. Fuel cell geometrical parameters.

Geometrical Parameters

Anode Thickness (m) 800e*6
Cathode Thickness (m) 50e-6
Electrolyte Thickness (m) 18e-6
Bipolar Plate Thickness (m) 6e3
Plate Thickness (m) 3e3
Cell Length (m) 11.8e2
Cell Width (m) 11.8e2
Channel Height (Fuel Side) (m) 2e3
Channel Height (Air Side) (m) 2e3
Channel Width (Fuel Side) (m) 5e3
Channel Width (Air Side) (m) 5e3
Channel Wall Thickness (Fuel Side) (m) 5e3
Channel Wall Thickness (Air Side) (m) 5e3

3.1.1 Governing Equations

3.1.1.1 Energy balance

57

The developed model takes into account the conservation of energy within each node and
energy transfer between control volumes to calculate the nodal temperature changes during
dynamic operating conditions for all 5 layers which are fuel plate, air plate, cathode flow,
anode flow and the PEN. Nodal energy balance equation for the cathode/anode stream
includes convective heat transferred to the solid walls (PEN and bipolar plate), enthalpy flux
due to the electrochemical reaction, mass transfer of oxygen ions from/to the PEN, and
inlet/outlet enthalpy flux of the bulk flow from/to adjacent nodes. It is assumed that
temperature in each control volume decreases/increases linearly along the control volume
of each node (for anode/cathode streams). A nodal energy balance for the PEN includes

convective heat transferred to the PEN from streams, conductive heat transferred to the PEN




from bipolar plate, conductive heat transferred to adjacent nodes in PEN and heat generation
due to the electrochemical reactions and electrical resistances. Radiation heat transfer
between PEN and bipolar plate is negligible. A nodal energy balance equation for the bipolar
plate includes convective heat transferred to bipolar plate from streams, conductive heat
transferred to bipolar plate from PEN and conductive heat transferred to adjacent nodes in
bipolar plate. Adiabatic boundary condition is considered for all the nodes located at the
beginning and at the end of the cell on PEN and bipolar plate, as the cell height is relatively
thin compared to its length. Also, it is considered that the stack is well insulated such that
heat loss to the environment is negligible. The nodal energy balance equation for cathode
and anode flows, PEN and bipolar plate are presented below. Note that all nodal specific heat
capacities are calculated at the node temperature. Also, for each cathode/anode node, inlet
flow enthalpy is the outlet flow enthalpy of the previous node in the flow direction as follows
[135].
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Where H,n| ( ) and HOut|

(] ) are the total enthalpy of inlet and outlet stream of each

node along anode/cathode stream, C_'pA
ClNode

J ). N _
(mole.K) is an average specific heat capacity of

species in each node along anode/cathode stream, Cpgy | node (kg]K) and Cgplyode ( ; ) are
K
specific heat capacities of each node on the PEN and interconnect plate, ppen | vode ( g) and

k . :
Pep|Node (m—‘i) are densities of each node on the PEN and interconnect plate, Vpgy | voge (M3)

and Vgp|yoge (M) are volume of each node on the PEN and interconnect plate and

Tren|node (K), Teplnode (K) are temperature of each node on the PEN and interconnect plate
and Q| ( ) is composed of convection and conduction heat transfer to each node on each

of different layers.

In order to calculate convection heat transfer between flows and solid walls, a local
convective heat transfer coefficient is required. Reynolds numbers of fuel and air flows in
channels are much lower than the critical Reynolds number for turbulent flow because not
only are the fuel and air channels’ cross-sectional area typically small, but also mean
velocities of fuel and air flow are not very high. In these conditions, a fully developed laminar
flow and uniform surface temperature exist approximately within all control volumes. In
laminar flow condition, with considering the aspect ratio of the interconnect channels, a
constant Nusselt number of four is used to calculate local convection heat transfer coefficient

as below:

_ Nup xk

Equation 20
Dy
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3.1.1.2 Mass balance

As flows move from inlets to the cathode and anode outlets, the composition of fuel in anode
side and the composition of oxygen/nitrogen at cathode side will be changed. The developed
model takes into account the conservation of mass within each node and mass transfer
between control volumes to calculate the nodal species’ concentration’s changes (species
concentration are considered as states). Mass balance in cathode/anode flow side includes
inlet/outlet molar flow rates from/to adjacent nodes and variation due to the existing
electrochemical reaction. The nodal dynamic mass balance equations for steam, hydrogen,
carbon monoxide, carbon dioxide, methane, oxygen and nitrogen species are presented
below. Note that for each node, the inlet molar flow rate is the outlet molar flow rate of the

previous node in the flow direction as follows [135].
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Where n (—S ) is the species molar flow rate, I|y,4e (4) is current of each node, T4 (K)
CiNode

is temperature of each node along the anode/cathode stream, PA/ClNode (Pa) is pressure of
each node along the anode/cathode stream, V¢ |Node (m3) is volume of each node along the

anode/cathode stream and rgp /WGS|Node' Are the reaction rates which are calculated below.

In this model, it is considered that Steam Methane Reforming (SMR) and Water Gas Shift
(WGS) reaction take place in anode, but the actual direction and magnitude of the reaction

rates depends on the operating conditions.

CO+H,0 & (CO,+H, (WGS) Equation 28

CH,+ H,0 < (CO+3H, (SMR) Equation 29

In the literature, the Haberman and Young’'s model [136] is widely used for calculating the
water gas shift (WGS) and steam methane reforming (SMR) reaction rates; thus it is adopted
in the present study. The following general formulations can be considered based on the
quasi-homogeneous expression of the reaction kinetics.

Twas|node = Kwes|node Pco|NodePH20|
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Equation 30
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Where Ky ;s and Ksp show the rate of water gas shift reaction and steam reformation
reaction. K, is also equilibrium constant of each reaction. Ordinarily, based upon the first
order kinetic expression (Arrhenius form), the rates of forward steam reformation and water

gas shift reactions are as below:

—103191
Kweslnoae = 0.0171 exp <—) Equation 32
RTFlNode
—231266
Ksrlnode = 2395 exp(77—— Equation 33
RTFlNode
The SMR and WGS equilibrium constants can be calculated as below:
Keq'WcslNode = exp(—0.2935Z3 + 0.6351Z2 + 4.1788Z + 0.3169) Equation 34
Keq,5R|Node = 1.0267
x 101% exp(—0.2513Z* + 0.3665Z3 + 0.581Z2% — 27.134Z Equation 35
+3.277)
7= 1000 Equation 36
= T(K) quation

3.1.1.3 Polarization model

Nernst Voltage:

The Nernst potential is the electrical potential of each node which accounts for species

concentration, operating temperature and pressure, and extent of reaction as well.
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Where E°|yoqe (V) is a standard voltage of each node, R is a universal gas constant equal to

8.314( / ) TrenInoge (K) is temperature of each node on the PEN, n, (mole of

mole.K

electron/moles of steam) is number of moles of electron transferred per unit mole of
hydrogen equal to 2, F (#) is Faraday constant equal to 96485, X; is species molar fraction

and Py4|yoqe(atm) is pressure of each node along the anode stream.

The standard reversible voltage (E°|y,q4e) Of €ach node is calculated based upon the Gibbs
energy change of reaction at the node temperature and standard pressure

(AGITPEMN P - (J/ mole)) according to Equation 38:

A6 (H, +%02 - H,0)|

5O TPEN|yoqe P Amb Equation 38
|N0de - n F
e

When the current is non-zero in the fuel cell, the cell operating voltage is lower than the
Nernst voltage due to the voltage losses. These voltage losses can be described as follows:
ohmic loss governed by ohm’s law, activation loss governed by Butler-Volmer equation and

concentration loss.

Activation Loss:

The Butler-Volmer equation is typically employed to characterize electrochemical activation
loss associated with sluggish charge transfer reactions at the operating conditions of the cell

as follows for the cathode and anode interfaces.

JNode = ]O,Calwode
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The exchange current density is a kinetic parameter measuring the local electrode current
density at open circuit conditions i.e., at equilibrium conditions when no net current density
is consumed or produced within the cell, and « is the symmetry factor or charge transfer
coefficient. Equation 41 and Equation 42 are employed to calculate the exchange current

density as a function of temperature.

Jocal ., = (1344 x 101%) x 1 X107 Equation 41
0.Calyoge — exp R TPEN|N0de quation
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= (4. -_—— uation
Jo.anlypge = ( ) X exp( R Tpen|node q

The value of transfer coefficient is usually 0.5 for fuel cell applications [137]. With ¢ = 0.5,

equations Equation 41 and Equation 42 can be expressed as:

R Tpgyl , Jl
Nactcaly . = —om N0 i sinh~1 [ 104 Equation 43
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Ohmic Loss:

Ohm’s law is employed to evaluate the cell ohmic loss. Ohmic loss consists of cathode, anode
and electrolyte ohmic losses as well as interconnect ohmic loss and contact ohmic loss which
has the effect of ohmic resistance in the contact region between electrodes and interconnect

plates. Equation 45 to Equation 50 describe the ohmic loss different components [135]:
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Concentration Loss:

Equation 45

Equation 46

Equation 47

Equation 48

Equation 49

Equation 50

Concentration losses come from a physical limitation of gaseous diffusion from the bulk fluid

flow to and from the reaction sites. As the cell produces current it must be continually

supplied with reactants at the TPB, however, at some rate the supply of reacting species

cannot diffuse through the electrode quick enough which is called the limiting current

density and will reduce the operating voltage all the way to zero. Concentration losses can

be expressed with the following equation:

n | - R TPENlNode In jL
conclNode nF jL _j
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mp

) is the limiting current, , R is a universal gas constant equal to 8.3 14(moie K),

where j; (

a
cm?

Tren|noge (K) is temperature of each node on the PEN, n, (mole of electron/moles of steam)

is number of moles of electron transferred per unit mole of hydrogen equal to 2 and F (mzze)

is Faraday constant.

3.2 SOFC stack results

Figure 20 to Figure 24 show the spatial distribution of temperature, Nernst voltage, losses,
voltage, and current density in a unit SOFC. The temperature changes between 1000K-
1040K. The temperature has its lowest amount at the corner close to the cathode and anode
streams inlet where the air which is cooling stream has its lowest temperature (highest
cooling potential) and the reformation which is endothermic is still occurring at the
beginning of the cell. Temperature has the highest amount at the corner close to the cathode
and anode streams outlet where air has its highest temperature (lowest cooling potential)

and electrochemical reaction which is dominant at the end of cell generates heat due to its

exothermicity.
PEN Temperature (K
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Figure 20. State spatial distribution of temperature.
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The Nernst voltages are among 0.9V-0.98V. The Nernst voltage is highest at the corner close
to the cathode and anode inlet streams where both fuel and oxidant partial pressures are
high leading to high thermodynamic potential with the lowest Nernst potentials realized at

the corner close to the cathode and anode streams outlet.
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Figure 21. Steady-state spatial distribution of Nernst voltage.

The lowest amount of losses is 0.065V captured where the temperature is highest. High
temperature increases the thermal energy available in the system, generally resulting in the
fact that all the particles in the system now move and vibrate with increased intensity. This
higher level of thermal activity will possess sufficient energy to overcome activation
polarization and most importantly increases electrolyte ionic conductivity, which decreases

the ohmic loss.

Figure 22 shows the spatial distribution of cell operating voltage which is uniform along the
cell as expected due to the equipotential surface that is established by the good electronic
conductivity of the electrodes and bipolar plates. The current density along the direction of

fuel flow decreases as the fuel gets consumed and has less potential to produce current.
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Figure 22. Steady-state spatial distribution of losses.
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Figure 23. Steady-state spatial distribution of voltage.
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Figure 24. Steady-state spatial distribution of current density.

3.3 SOFC system design & control

The SOFC system model contains a fuel cell stack, an anode off-gas oxidizer, air preheating
heat exchangers, recirculate valve, mixer, blower, and reformer. A system diagram is
provided in Figure 25. The oxidizer outlet preheats air and fuel first, and then, the leftover

heat from the SOFC exhaust is recovered for regenerating desiccant liquid in the LDD system.
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Figure 25. SOFC system configuration.

3.3.1 Balance of plant model

The balance of plant model is described below:

3.3.1.1 Blower

A variable-speed blower model, enabling simulation of the rotating moment of inertia of the
blower, is implemented in this study. The blower supplies sufficient pressure head and air
flow rate for controlling the cell temperature gradient, The implemented dynamic model for

blower is shown in Equation 52 [138].

dw :
J.w o Pg — Py Equation 52

Where w is rotational speed, J is the moment inertia, Pg is the electric power supplied to the

blower and P, is the impeller loss evaluated according to Equation 53.
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lep — VAirn- APca
B

Equation 53
where V,;,. is the air volumetric flow rate, AP, is the pressure drop at cathode side and 7 is

the blower mechanical efficiency.

3.3.1.2 Heat exchanger

Heat exchangers are modeled as one-dimensional counter flow plate heat exchangers
comprised of three layers e.g., hot stream, metal separator plate and cold stream in order to
capture the thermal inertia of the heat exchangers. The developed dynamic model for a heat
exchanger is spatially discretized into nodes and control volumes. In each node, material and

energy balances are implemented using Equation 54 and Equation 55.

areh . .
h h .ch _ c,h c,h :
pt.Velt.c, S Qconv + Hy, — Hoyt Equation 54
dTPlate . . )
Ppiate * Cpiate * Vpiate * dt = Qconv + Qcona Equation 55
ch dTC’h

Where pSh.veb ¢ = Qeonv + HEM-HSM Qcony is convective heat transfer between

P " gt

solid and gaseous nodes, p is the density, V is volume and ¢, , ¢ are the specific heat capacity

of gaseous and solid nodes.

3.3.1.3 Mixer

The following expressions can be used to find the composition of the mixed stream.

Nmix = Z(ﬁl-xl,i + 3. %5 Equation 56

i
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xmix,i -

Equation 57

Nmix

AT )
nmixCp.% =nq.hy + 1y hy + Ny Apnixe Equation 58

3.3.1.4 Reformer

In this study both internal reforming and external reforming is considered. For external
reforming, like internal reforming, SMR and WGS take place. The mass balance equation is
the same as the one as explained in section 3.1.1.2 for fuel cell without electrochemical term

(I = 0) and the energy balance is the same as heat exchanger which explained in 3.3.1.2.

3.3.1.5 Oxidizer

The combustion model accounts only for the same seven species as the remainder of the

model. The following three reactions are considered in this combustor model.

Methane: CH, + 20, - 2H,0 + CO, Equation 59
Carbon Monoxide: CO + %02 - €0, Equation 60
Hydrogen: H, + %02 = H,0 Equation 61

Proper accounting of all the reacting species is necessary to find the resulting flow rate and

composition post combustion. The energy conservation equation is as follows:

dT,
Neom Cp- ;(;mb =Nq.hqy + Ny Ay — Ngye- Roue Equation 62
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3.3.2 Control strategy

3.3.2.1 Temperature control

Cell temperature control is one of the key issues involved in the dynamic operation of high
temperature SOFC systems. In this study, the stack is thermally managed by manipulating
one actuator, which controls the blower power. A variable speed blower enables control of
blower dynamics that consider the inertia of the blower as described above. Increasing the
blower power ultimately increases the blower speed, which in-turn increases the air flow
rate introduced to the stack. The air flow rate has two functions in the proposed system, i.e.,
providing the oxygen for the electrochemical reactions and providing cooling or heating to
the stack. The temperature control strategy consists of two parts. Stack temperature
gradient is controlled with blower power. If the temperature gradient goes higher than the
set point, the blower power increases which increases the air flow rate which cools the stack.
To control stack average temperature, the valve position changes to increase or decrease the
air flow to oxidizer which affects the cell inlet air flow temperature. To decrease the cell
average temperature, the valve opens more, to decrease the hot flow temperature in the air
heat exchanger. In this study, the controller set-point temperature difference constraint is
50K. Also, the inlet temperature of both anode and cathode temperature are controlled to

the set point of 1023K.

3.3.2.2 Stack power management

During dynamic operating condition, the stack power is controlled by manipulating the
current in feed-forward controller. At each time among set of points in time vector, the

current is calculated based upon the operating voltage and the stack power as below:

PS k
Ilce” = ‘7 tac Equation 63
0}

P X NCell

3.3.2.3 Fuel utilization

In controller model, fuel flow rate is controlled by manipulating cell current and system fuel

utilization in feed-forward controller as below:
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3 Icen
System 4 X F X FU|gystem

ficn, | X Neen Equation 64

where FU is SOFC system fuel utilization defined as the ratio between stoichiometric fuel
flow required for the electrochemical reactions at a given current and the actual inlet fuel
flow introduced to the system. It should be noticed that the controller keeps the fuel
utilization constant at a nominal value for a wide range of operating conditions except for
very low powers control of very low flow rates could lead to the possibility of concentration

loss increases.

3.3.2.4 Steam-to-carbon ratio

To prevent carbon deposition in the stack the molar ratio of steam-to-carbon is set to 2.02
in this study. The anode recirculation valve is manipulated to control the amount of

recirculated flow to keep the steam-to-carbon ratio at this set point.

3.4 Steady state results

The system model is based on a commercially available SOFC systems called BlueGEN.
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 produce
power modulated from 500We (25%) to 2kWe (100%); however, it achieves its highest net
electrical efficiency of 60% at a 1.5kWe output. The BlueGEN SOFC unit consists of 51 planar
type Yttria Stabilized Zirconia (YSZ) electrolyte-supported cell layer sets (each layer consists
of 4 cells) and operates at around 750°C. Hydrogen is produced from natural gas by external

and internal steam reforming.

The polarization curve data from the BlueGEN SOFC system tested at the NFCRC and the
developed model results are presented in Figure 26. Note that the V-j curve obtained from
the test covers only the operating envelope of the SOFC system. The results show that the
MATLAB model simulates the BlueGEN system V-j curve accurately.
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Figure 26. SOFC polarization curve for the BlueGEN data compared to the current physical SOFC system model.

The steady state performance of the system was calculated under the standard operating
conditions of the BlueGEN at 85% fuel utilization and cathode outlet temperature of 750°C.
The SOFC system is controlled to keep the stack temperature difference at 50°C. The SOFC
parameter and standard operating conditions are presented in Table 4. The electrical
efficiency of the stack is over 61% under standard operating conditions. The steady state
performance parameters of the model for 1.5kW SOFC system and experiment values are
compared in Table 5. Note that experimental values well match those of the model. Note also

that the exhaust gas temperature and flow rate were not measured during the experiment.
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Table 4. SOFC Parameters and Design Operating Conditions.

Parameters Value
Fuel Utilization 0.85
Steam to Carbon Ratio 2.02
Cell Area 139.24cm?
Power Density 233mW/cm?
Stack Temperature Change 50°C
SOFC Stack Average Temperature 1023K

The particular SOFC system that was evaluated in this study was designed for CHP, and thus
produces more heat than would be used for preheating the SOFC inlet air and fuel. The heat
produced from the SOFC system in the current case is then used for producing hot water for
LiCl regeneration purposes. This model indicates that a nominal 1.5kW system would

produce 0.0104kg/s of exhaust gas and that the temperature of the exhaust would be 100°C.

Table 5. SOFC steady state performance parameters.

Parameters Model Value Experiment Value
Net Power Output 1.49kW 1.5kW
Voltage 42.5V 42.5V
Current 38.94A/cm? 38.94A/cm?
Electrical Efficiency 61.1% 61.27%
Exhaust Gas Temperature 373K -
Exhaust Gas Mass Flow Rate 0.0104kg/s -

3.5 SOFCdynamic result

Electricity demand for a single residential unit is used as a desired demand applied to the
spatially resolved dynamic SOFC model. SOFC model results (Figure 27) that generated
output power follows the desired demand quite closely except for very short periods of high

ramp rate operating conditions. Figure 28 shows the electrical efficiency of the system
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during the dynamic operation. The average efficiency during dynamic operation is 71%. The
high efficiency is due to high fuel utilization (85%) and part load operation of the system

which also lead to a lower exhaust temperature.
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Figure 27. SOFC model power output following the residential electricity demand
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Figure 28. Variation of electrical efficiency versus time.
Temperature and mass flow rate of SOFC exhaust gas versus time are presented in Figure 29
and Figure 30, respectively. As shown in Figure 25, the oxidizer output is used for preheating

fuel and air and then leaves the system as exhaust. This SOFC system exhaust is used to

produce hot water for regenerating LiCl in liquid desiccant regenerator.
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Figure 29. Exhaust gas temperature of the SOFC system.
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Figure 30. Exhaust gas mass flow rate of the SOFC system.
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Figure 31 and Figure 32 show the PEN average temperature and stack temperature
difference during the dynamic operation, respectively. The set point for PEN average
temperature is 1023K and for stack temperature difference is 50K, due to very high dynamic
load the controller is not able to keep the cell at the desired temperature. PEN average

temperature goes as high as 1078K and stack temperature difference changes up to 94K.

1100

1080 f

__ 1060}

1040

1020

1000 |

FEN Average Temp. (K

980 -

960 +

940
Day

Figure 31. PEN average temperature.
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Figure 32. Stack temperature difference.

3.6 Summary

This chapter has focused on developing a spatially and temporally resolved dynamic physical
SOFC model. It also focused on designing the SOFC system components and balance of plant
based upon the commercially used SOFC in this research experiment. Additionally, it has
focused on the control strategies for the SOFC system. This chapter has included the steady
state stack spatially distribution results, and verification of developed model with
experimental tests. Finally, SOFC results under dynamic operation of a residential load have

been presented.
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4 Liquid Desiccant Dehumidifier Modeling

4.1 Liquid desiccant component modeling

The LDD system model is based upon a similar DEVap concept developed by NREL [83] The
current physical model is developed to simulate the DEVAP components including
regenerator, dehumidifier and indirect evaporative cooler. LiCl solution is the working fluid

used is this system. Figure 33 shows the LLD system diagram.

Exhaust
Cold dry air
to server
Cooling .
—— air Alr

Water 1 l

A m— ] \——p Dry desiccant : Indirect
Regenerator ~— —= dehumidifier evaporative

Cooler

Wet desiccant i i |

Figure 33. Configuration of the LLD system.

Energy balance, and mass balance equations were applied to the LDD model. For the air and
water properties EES [139] has been used, whereas for LiCl properties a library has been
developed based on literature experimental results. MATLAB was used to simulate the
operation of the LDD system under different SOFC exhaust and weather conditions. The

detailed model for each component is explained in the next section.

4.1.1 Dehumidifier modeling

During the dehumidification process, the liquid desiccant is in contact with air through a
permeable membrane that allows water vapor interaction but prevents the flow of LiCl into

the air. LiCl absorbs the water vapor in the air until it reaches water vapor pressure
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equilibrium with the air. This process is exothermic. The desiccant is kept cool by the
evaporation of water to the exhaust heat stream. Figure 34 shows the dehumidifier unit

schematic.
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=
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Figure 34. Dehumidifier unit schematic.

Equations for each stream are presented below. Mass transfer is driven by a vapor pressure
differential between the air and desiccant solution as shown in Equation 66. The supply air
side heat transfer for the dehumidifier is given by Equation 68. The heat transferred to the
solution includes the sensible heat due to the temperature difference between the desiccant
and air, and desiccant and water, plus the latent heat of absorption and enthalpy of dilution,

given by Equation 72 [75,97].
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Supply air side:

(mw)sa,e - (mw)sa,i = —JsqdA

Pa - Psol
R,,T, (—hl + —Smem>

ma Dmem

Jsa =

(meT)sa,e B (meT)sa,i = GsadA

Qou = Tip — Tsa
sa — S F)
(hlz) + (E)mem + (ﬁ)sol

Liquid desiccant side:

(m)LD,e - (m)LD,i = ]sadA

(mC)LD,e - (mC)LD,i =0

(MmCyT),,, — (MCT), ), = dupdA

qiLp = Qiatgy — 9sa — 9piate

Quatsg = Lsa(hfg + hinix)
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Equation 66

Equation 67

Equation 68

Equation 69

Equation 70

Equation 71

Equation 72

Equation 73



TLD - Tw

Aplate = 5 5 5 E .
o o 0 quation 74
(%), * (k)p +(25),.,
Exhaust air side:
(Mw)ege — (MW)eqi = JeadA Equation 75
Je = hme(wy — we) Equation 76
(meT)ea,e - (meT)ea’i = —(eqdA Equation 77
Qea = Qiat — dplate Equation 78
Qiat = Jehsg Equation 79
dea = hea(Tea — Tw) Equation 80

Where Pq and Pg,; are the inlet equivalent vapor pressure of the air and liquid desiccant
. . . k k . .
solution respectively in Pa. hy,,, (ngS) and has (m)are the respective convective mass

transfer and heat transfer coefficients of the air. Rw is the molar gas constant for water

]
(461.5:7).
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4.1.2 Indirect evaporative cooling modeling

The dehumidified air goes to an indirect evaporative cooler after the dehumidifier where it
is cooled indirectly by water evaporating into a separate airstream in counter flow. A portion
of cold dehumidified supply air is recirculated to the counter flow direction as the second

stream to cool the primary air stream. Figure 35 shows the indirect evaporative cooler

schematic.

Sprayed
Water

4

Dehumidified
Air
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Figure 35. Indirect evaporative cooler schematic.

Supply air stream and cooling air stream energy and mass balance equations are presented

in Equation 81 to Equation 90.

Supply air:

(mw)sa,e - (mw)sa,i =0 Equation 81
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(MmCpT),, , = (MCT) = —qsadA

dsa = hsa (Tsa - Tp)

Exhaust air:

(Mw)eqe = (M®)eq,i = JedA

Je = hme(@w — @)

(mcpT)ea‘e = (MCyT),,, = —GeadA
Qea = Qiat — 9plate

Qiat = ]ehfg

T, — Ty

Gptate = S5 g
w0,

Gea = hea(Teq — Ty)
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Equation 83

Equation 84

Equation 85

Equation 86

Equation 87

Equation 88

Equation 89
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4.1.3 Regenerator modeling

Absorption process weakens the desiccant solution and reduce its ability to absorb water
vapor. To desorb water vapor from LiCl, the desiccant is heated to have equilibrium water
vapor pressure that is higher than that of the air. This regeneration process is the reverse of
dehumidification and can use low grade heat sources. In this study, the SOFC system exhaust
heat is used in this regeneration process to increase the concentration of LiCl in solution.
Then, the concentrated liquid desiccant solution is stored. When moisture must be removed,
the high concentration solution is used to dehumidify the outside air. Figure 36 shows the

regenerator schematic.

Hot Water
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Exhausted
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Outdoor [0
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Figure 36. Regenerator unit schematic.
Supply air:
(mw)sa,e - (mw)sa,i = _]sadA Equation 91
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Jou = Py — Psor
sa 1 Smem
Ry To (= + e

ma Dmem

(mCpT),,, = (MGT) = dsadA

Qsa = 1 TgD i) 5
(sa) * (E)mem + (ﬁ)ml

Liquid desiccant:

(M)pe — (M)1p,i = JsadA
(mC)LD,e - (mC)LD,i =0
(mcpT)LD‘e - (mcpT)LD‘i = qpdA
dLp = Qiatgq — 9sa — dplate

Qiatgq = Lsa(hfg + Rinix)

Aplate = 5 TLL()‘)‘_ dr Fy
(ﬁ)w + (E)p + (ﬁ)sol

Exhaust air:
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Equation 93

Equation 94

Equation 95

Equation 96

Equation 97

Equation 98

Equation 99

Equation 100



(meT)W,e - (meT)W,i = quwdA Equation 101

Aw = Qpiate Equation 102

4.2  Control strategy for the liquid desiccant system

The dehumidifier’'s model inlet parameters are the weather conditions, the return air
condition, desiccant temperature and concentration, and cold water temperature and flow.
The model output is supply air temperature, desiccant outlet temperature and exhaust air
temperature. In order to keep the humidity of the air cooling the servers below the allowable
limits, the air humidity in the dehumidifier is controlled by manipulating the percentage of
return air. In this model, the desiccant outlet concentration is also controlled by the desiccant

flow rate.

In the regenerator system the inputs of the model are weather condition, desiccant inlet
temperature and concentration, and hot water temperature and flow. The outlets are air
(exhaust air) temperature, desiccant temperature, and hot water temperature. To use the
desiccant for dehumidification purposes, it is required to regenerate it to a certain
concentration. In this model the manipulating parameter to control the desiccant

concentration is the desiccant flow rate.

4.3 Liquid desiccant system model verification

The validity of the model can be assessed by comparing its predicted supply conditions to
the measured supply conditions. These comparisons are done for each stage independently:
the first-stage dehumidifier and the second-stage Indirect Evaporative Cooler (IEC).
Experimental data [140] from DEVap prototype testing is used to verify the dehumidifier

and indirect evaporative cooler in the next two section, respectively.
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4.3.1 Dehumidifier verification

5 different cases from [140] have been used to verify the dehumidifier model. Table 6 shows

the input conditions used in all the cased to as well as experimental outcome and model

output for supply air temperature and relative humidity. Figure 37 compares the model

predictions (x-axis) and the experiments (y-axis) of the relative temperature of the first-

stage supply-side air. The #10% lines in Figure 37 show that the model and the experiments

match within 10%.

Table 6. Dehumidifier unit verification input and output parameter.

Experiment Model
Input Data

Output Output
Patm msa n.lea vLD C TLD Tsa Tea RHsa RHea Tsa RHsa Tsa RHsa
(kPa) (kg/s) (kg/s) | (LPM) * 0 (V)] 0 (g/kg) | (g/kg) (§Y)] (g/kg) Q) (g/kg)
1 82.8 0.154 0.615 0.337 0.373 27.4 26.7 35 53.26 41.31 27.2 3545 | 27.85 | 34.15
2 82.7 0.154 0.0308 | 0.337 | 0.376 283 26.7 35 5330 | 4231 282 35.07 | 28.61 | 34.3
3 81.7 0.154 0.0616 | 0.299 0.424 35.2 35 35 42.16 42.31 32.6 26.74 35.5 27.4
4 829 0.154 0.0615 | 0.360 | 0.379 28.7 26.7 26.7 | 52.08 | 67.96 | 263 3432 | 28.14 | 34.77
5 100 0.152 0.061 0.337 0.38 329 26.7 28 50.1 45.02 29.1 29.1 284 | 29.58
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Figure 37. Model-experiment comparison of dehumidifier. (top) Change in supply-side air, temperature

(bottom) change in relative humidity.
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4.3.2 Indirect evaporative cooler verification

For indirect evaporative cooler, 5 different cases from [140] have been used to verify the
model. Table 7 shows the input conditions as well as experimental outcome and model
output for supply air temperature and relative humidity. Figure 38 compares the model
predictions (x-axis) and the experiments (y-axis) of the relative temperature of the supply-
side air. For the Indirect evaporative cooler, the measured supply-side temperature change
predicted by the model matches the experiments within 10% except for test number 3. In
case 3 the temperature difference is higher and has low mass flow which shows the

weakness of bulk model to predict the result and the need for a discretized model.

Table 7. Indirect evaporative cooler verification input and output parameter.

Input Data Experiment Output Model Output

Patm titgg i, Tse | RHg Tsa RHy, Teq Tse | RHsyq | Tea

(kPa) (kg/s) | (kg/s) 0 (9/kg) (°C) (9/kg) °0) &Y (9/kg) )
1 81 0.154 0.031 35 21.8 18 59.4 - 19.01 58.55 24.9
2 83.2 0.150 0.014 25 44.24 21.01 56.33 - 20.11 58.96 21.84
3 81 0.062 0.018 35 21.79 14.1 76.21 - 12.61 84.03 27.37
4 81.1 0.154 0.046 35 35.78 19.3 89.97 - 22.6 74.07 24.93
5 81 0.108 0.032 35 21.56 14.2 74.99 - 14.8 74.04 24.75
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4.4 Summary

In this chapter, a physical model has been developed to simulate the DEVap components
including liquid desiccant dehumidifier, regenerator, and indirect evaporative cooler. In
addition, the control strategy for each component has been explained. The developed models

have been also verified and compared to the experimental data from literatures.
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5 Data Center Cooling Demand Model

Modern data centers try to use adiabatic cooling whenever the weather condition allows.
However, adiabatic cooling is not possible in all locations at all times. Different types of
common data center cooling systems were presented in chapter 2. This chapter presents the
method for calculating the cooling demand of data center at various locations. Also, the
cooling demand for seven different data center locations that are used as case studies of this

research are analyzed.

In order to calculate the amount of cooling required for data center a MATLAB data center
model has been developed which calculates the amount of cooling required by a data center.
The inputs of the model are weather data associated with data center locations including
temperature, pressure, and relative humidity. The weather data are obtained on an hourly
basis from Typical Meteorological Year (TMY) data from 2006 to 2016. The model takes this
data and contains multiple functions that have been developed for calculating
thermodynamic parameters such as saturated temperature, wet bulb, and dew point

temperatures based upon the knowns weather data.

In order to calculate the load, the acceptable operating conditions for servers within a data
center are required. ASHRAE is the association that updates and releases an industry
standard for data center operations every couple of years, based upon industry technology
improvements. Table 8 shows the boundaries that define the ASHRAE recommended and

allowable environmental envelope from the 2016 standard [17].

Table 8. ASHRAE 2016 Thermal Guidelines [17].

Recommended Envelope Allowable Envelope

Max Dry Bulb 27°C 32°C
Dew Point 5.5 —15°C 5.5—-18°C
Relative Humidity 60% 80%

Based on outside weather data, cooling zones for data center is defined in 4 regions based

upon ASHRAE recommendations [141,142] as presented in Table 9. The model calculates the
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number of hours that the system needs mechanical cooling for each of the locations using

the weather data.

Table 9. Zone Boundaries for Recommended Environmental Envelope for IT Equipment.

Zone 1 Zone 2 Zone 3 Zone 4

Cooling Strategy Economizer Economizer+ Evap. Cooling Mechanical
Evap. Cooling Cooling
Low end NA NA If DP< 5.5°C DP 18.7°C WB
Temperature Then 10.8°C WB (51.4°F)and
18°C DP (64.4°F)
Else 32°C
High end 32°CWB 10.8°C WB 18.7°C WB (65.6°F) NA
Temperature
Low end Moisture 5.5°C DP NA Na 18°C DP
High end Moisture 18°C DP 5.5°C DP If DB < 32°C DB NA
Then DB < 5.5°C DP
Else 18°C DP

5.1 Data Center modeling

In order to calculate the power consumption of the data center first the IT equipment’s
power consumption is calculated by the model presented by [143]. For a homogeneous

server cluster:

Equation 103

Where U is utilization, N number of servers, u; each server utilization. The server utilization
can be given to the model either as a constant number or utilization profile if available.
Servers use half of the rated power in idle model and linearly increase with utilization [143],

server power consumption is calculated by:

P, = Piidle + (ppeak _ Piidle).ui

1

Equation 104

The total power consumption is:
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Di Equation 105

o
Il
i=

[tis not practical to measure the actual power consumption of each server rack continuously.

As a result, the impact of task consolidation (L) for the running servers is modelled as:

L=0: perfect consolidation, meaning that workload is packed onto the minimum number of

running servers.

L=1: workload is distributed uniformly so U = u;

U

“EIa-n+u

Equation 106
The main components of power loss are the UPS and the Power Distribution Unit (PDU)

which can be calculated as follows:

N 2
Pppy = P}l;%lfl + Appy (Z Pi) Equation 107

i=1

Pyps = PLil%lse + Ayps Pppy Equation 108
PDUs
Where Appy and Appy are the loss coefficients for UPS and PDU systems, respectively. In
power supply equipment of a data center the power loss can be up to 15% of the total power
consumption at peak [143]. The air flow needed for server cooling is calculated based on the

following equation:

DCy;pp X Util
Cpair X AT X Nheat

Foir = Equation 109
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DCj;,. represents the capacity of data center, Util is utilization factor for data center, Cp .

is the air specific heat, AT is the temperature difference for the air inlet and outlet from the

server, and N4 is the efficiency of heat removal.

Data center total power demand is defined in the following equation. Miscellaneous power

is around 4% of data center designed capacity.

Pior = Pcooling + Pserver + Pppy + Pyps + Pfans + Piscelianeous Equation 110

In cooling zone 4, cooling power can be calculated either for a water-cooled chiller or an air-
cooled chiller. For air cooled chiller, the chiller presented at [144] is used as the reference
chiller for calculating the chiller’s power demand. Table 10 shows the effect of dry bulb

temperature on the chiller efficiency.

Table 10. effect of dry bulb temperature on air cooled chillers efficiency.

DB [°F] 75 85 95 105

Efficiency [kKW/Ton] 0.952 1.069 1.208 1.384

For the water cooled chiller, the chiller presented in [145] is used as the reference chiller for
calculating the chiller’s power demand. The effect of wet bulb temperature on the chiller

efficiency is shown on the Table 11 below [146].

Table 11. effect of dry bulb temperature on water cooled chillers efficiency.

WB [F] 60 65 70 75

Efficiency [kKW/Ton] 0.502 0.518 0.574 0.592

5.2 Data Center cooling demand results

In order to calculate the number of hours that the data centers in each location need
mechanical cooling, TMY data for seven locations in the United States that are home to
Microsoft data centers have been used as the input for the code. The number of hours of each

cooling type that is required in each location based on both allowable and recommended
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envelope is shown in Figure 39. As expected, by expanding the range of temperature and
humidity, the number of hours that mechanical cooling is required decreases. For data
centers located in California, Seattle, and Wyoming a mechanical cooling system is barely
required, while economizer and evaporative cooling will be sufficient throughout the year to
keep the servers in acceptable range. However, Illinois, lowa, Virginia and Texas require

between 1000hr to 4500hr of mechanical cooling based on the location and ASHRAE

requirements.
9000 Cooling System Type for TMY Weather Data
_ ]
8000 -
7000 -
6000 Il Economizer Only
I Economizer+Evaporative Cooler
5000 []Evaporative Cooler
[ IMechanical Cooling

4000

3000

2000

1000

California Seattle Wyoming lllinois lowa Texas

Virginia

Figure 39. Cooling system type for 7 locations based on ASHRAE recommended (left bar) & allowable (right
bar) range.

Server load profiles tend to be confidential information that are rarely published. However,
the profile is roughly constant and utilization changes between 60% to 80%. For the current
work and data center simulation results, either NREL published server load profiles as
shown in Figure 40 [141] are used by scaling it to the size of the targeted data center, or it is

assumed that the utilization is constant at 70% throughout the entire operating period.
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Figure 40. Load profile for the RSF data center over the first 11 months of operations Illustration by Chad
Lobato, NREL[141].

The following data center simulation results for each location are based upon the assumption
of a 50MW designed data center that follows the load demand of [141]. The designed
temperature difference of air entering and leaving the servers is 15°C. The number of cooling
hours and cooling device correspondent to that is based on ASHRAE recommended
envelope. The mechanical cooling system in these results is assumed air cooled chiller.
Figure 41 to Figure 44 show the results for California and Texas which are the two ends of
the spectrum with California being the location with the lowest overall energy use and Texas

the highest.

Figure 41 shows the TMY (average data from 2006 to 2016) dry bulb and wet bult
temperature for California and Texas which are the parameters that determine what type of
cooling is required for the data center. California and Texas average dry bulb temperature

are 14°C and 20.2°C and wet bulb temperature are 11.6°C and 15°C, respectively. California
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has the least variation in temperature throughout the year while Texas temperature changes

more than 40°C during the year which has a significant impact on change in the cooling

required for Texas.
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Figure 41. TMY data for California and Texas throughout the year.

Figure 42 and Figure 43 show the power demand breakdown and percentage of each
category for California and Texas, respectively. As expected, for Texas half of the year
mechanical cooling is required to keep the servers in the range, however for California the
number of hour that mechanical cooling is required 186hr. As a result, 9% of power
consumed by data centers is dedicated to mechanical cooling device for this scenario in

Texas, while for California the number is 1%.
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Figure 42. Data Center power demand breakdown throughout a year for California and Texas.
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Figure 43. Data Center power demand percentage for California and Texas.
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PUE is the ratio of total energy used by facility to energy used by the serves. This parameter
shows how effectively a data center uses energy. As the number gets closer to 1 it means that
the facility becomes very efficient, with most of the energy being directly converted in the
servers for the computational demands of the data center. The following two graphs shows
the PUE for the entire year. The spikes that bring PUE up to the 1.4- 1.5 range are because of
energy being consumed by mechanical coolers. The average PUE for California and Texas for

the whole year as simulated with the current model are 1.16 and 1.32, respectively.
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Figure 44. PUE for California and Texas for the entire year.

The results for the TMY data, Power usage breakdown, percentage of energy usage, and PUE

for the other 5 locations are presented in APPENDIX A.

Figure 45 shows energy use for each location for a 50MW designed data center following
Figure 40 load demand. The air temperature difference is 15°C and ASHRAE 2016 standards
is followed for temperature and humidity limits. Table 12 shows the average PUE for all the

locations with California having the lowest PUE at 1.167 and Texas the highest at 1.315.
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Figure 45. Data center energy usage for a 50MW data center.
Table 12. Average PUE for 7 data center target location.
Location | California | Seattle | Wyoming | Illinois | lowa | Virginia | Texas
PUE 1.167 1.18 1.179 1.225 1.23 | 1.244 1.315

The type of cooling system, designed temperature difference, and changing allowable range
has a significant effect on the amount of energy that data center consumes. For example, as
the technology is rising IT manufacturers are pushing the boundaries on safe temperature
that IT equipment’s can tolerate. Figure 46 and Table 13 show the energy used and
percentage consumed by different part of data center for various combinations. Water
cooled system use less energy than air cooled system. Increasing the temperature difference
for the air entering and leaving the server room means less flow of air is required, which
leads to less energy required for cooling the air. As the IT technology progresses, the IT
equipment can tolerate higher temperature which leads to higher range of acceptable

temperature and humidity. This means wider range of outside temperature is acceptable for

cooling the server, leading to lower energy usage.
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Figure 46. Energy consumed by different part of data center for various combinations.

Table 13. percentage of energy consumed by different part of data center for various combinations.

PUE 1.244 | 1.271 | 1.272 | 1.274 | 1.302 | 1.303 | 1.314 | 1.345
Energy 4.6 4.699 | 4.70 471 4.81 4.82 4.86 497
(*e8 MWh)

Fan+Pump (%) 4 6 5 4 6 7 5 7
Mechanical 5 5 6 7 7 6 9 9
Cooling (%)

Server (%) 80 79 79 78 77 77 76 74

5.3 Summary

In this chapter, a data center cooling model has been developed to calculate the amount of
cooling required by a data center. The model takes the weather data for each location and
acceptable range of temperature and humidity for data center to calculate the load. In
addition, the cooling demand for California, Seattle, Wyoming, Illinois, lowa, Virginia, and
Texas have been calculated and analyzes. Texas had the highest cooling demand with a PUE

of 1.315 and California had the lowest with a PUE of 1.167. Energy usage of data center based

106



on different types of cooling device (water cooled, air cooled) and at different designed
temperature difference has been compared. Results showed that higher temperature

difference and water-cooled system lead to less energy consumed by the cooling system.
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6 Integrated System Analysis

6.1 Integrated system design

In this section, the possibility of using a highly efficient, zero emission SOFC system to
produce electricity and cooling in various amounts to meet electricity and cooling demands
of a data center is investigated. In this configuration each fuel cell powers one server rack
and heat from each individual SOFC system in used in a small-scale LDD to produce cooling
for one server. Figure 47 shows the integrated system configuration for rack level power and

cooling.
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Figure 47. System configuration for server rack level power and cooling.

Server rack average power density can start as low as 6kW and go to above 20kW per rack.
For this analysis, each server rack power is considered nominally 12kW. We assume that a
fuel cell equivalent to eight 1.5kW BlueGEN SOFC systems is used to meet the server
electrical demand (note that some above nominal power conditions can usually be provided

by SOFC systems, e.g., to periodically achieve peak demands in the 20kW range). The exhaust
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of the SOFC is used to regenerate LiCl liquid desiccant to provide 1400CFM cold and

dehumidified air for each server rack.

6.2 Spontaneous integrated system performance

Figure 48 shows the integrated SOFC-LDD system. The SOFC exhaust gas produces hot water
that will supply the heat demand for regenerating the liquid desiccant. The regeneration
process occurs within a heat and mass exchanger where the vapor desorbs from the
desiccant and is carried away by an air stream due to desiccant solution that has higher
water vapor pressure than the air. The high concentration LiCl is stored in a tank. When air
conditioning is required, the high concentration LiCl is used to dehumidify the air. As
mentioned before the ASHRAE recommended suitable range of temperature and humidity
for all environmental classes inside the data centers is 18°C to 28°C dry bulb temperature

and 9°C to15°C dew point and 60% RH [17].

Mixer

Natural Gas

Exhaust
Cold dry air
to server
Co:il:ng Air
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. Dry desiccant
Air  —— (44 44 Indirect
evaporative
Cooler

l

Wet desiccant

Figure 48. Integrated SOFC-LDD system model schematic.
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For this section, the integrated system is tested for spontaneous load for three different
weather conditions to analyze whether SOFC system exhaust-heat based cooling and
dehumidification can maintain server operating temperatures and humidity in the safe
range for different weather conditions. Table 14,

Table 15 and Table 16 show the inlet and outlet condition for each of the three scenarios. The

weather conditions studied are warm and humid air (25°C, 70% RH), hot and moderate

humidity air (35°C, 45% RH) and hot and dry air (40°C, 20% RH).

Table 14. Inlet and outlet conditions of the regenerator stage.

Tair,in RHair,in mair Tw,in (OC) Tw,out mw TLiCl,out XLiCl,out
(c) (kg/s) O | ®&g/s) | (O
35 40% 0.02 60 35 0.055 48.5 34.5%
35 45% 0.035 60 55 0.055 46 35%

Table 15. Inlet and outlet conditions of the dehumidifier stage.
Tair,in RHair,in TLiCl,in XLiCl,in XLiCl,out mLiCl muir Tair,out RHair,out

() () (kg/s) | (kg/s) | (C)

25 70% 35.2 34.5% 33% 0.25 0.045 30.5 33.9%

35 45% 35.2 35% 33% 0.25 0.06 349 31.2%

40 20% - - - - - 40 20%

Table 16. Inlet and outlet conditions of the IEC stage.

Tair,in RHair,in Tw,in (OC) TCair,in mCair TSair,out WSair,out DPSair,out
Q) (9 (kg/s) Q) (kg/kg) (9
30.5 33.9% 20 19.8 0.038 19.8 0.0093 12.5
34.9 31.2% 20 21 0.051 21 0.0109 15

40 20% 20 20 20 0.009 12.4

Figure 49 shows the model results of the first test on a psychrometric chart. The green line
labeled ‘LiCl - 35%’ shows the humidity ratio of the air in equilibrium with the liquid
desiccant at a mass fraction of 0.35 LiCl and at each of the temperatures considered. Line

black shows the first stage dehumidification process for supply air and then the cooling air
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process. The dehumidification process is internally cooled by evaporation of water to
exhaust air to keep the desiccant cooler and increase its dehumidification potential. Then,
the supply air is cooled by indirect evaporative cooling at constant humidity ratio. Horizontal
black line shows the second stage process for supply air, which goes through indirect
evaporative cooling at constant humidity ratio. Under these conditions the integrated system
was able to produce cold and dehumified air that is in the safe range for server racks. In this
case the return air from server is considered for first stage cooling air which has lower

relative humidity and higher potential for evaporative cooling.
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Figure 49. Airstream at 25°C and 70% RH with simulated LDD processes on a psychrometric chart at 100kPa.
However, the system is able to provide only 97CFM of air flow under these conditions, which
is less than the maximum air flow demand (almost 7%) for each server rack. This suggests
that the current integrated SOFC-LDD system cannot continuously provide all the power and
cooling required for the server rack if it is operated continuously at 12kW. However, both

the server demand dynamics and day-night weather variations, could lead to dynamic



conditions that with some storage of the concentrated solution (at times when cooling and
dehumidification are not needed) could be well-matched to the server demands for power
and for cooling and dehumidification. Next step will consider these dynamics for several

real-world weather (temperature and relative humidity) and server power.

For the second weather condition with 35°C and 45%RH (Figure 50) the system can produce
96CFM cold and dry air for each server rack. In this case the outside air is considered for the
first stage cooling air. Please note that the SOFC system is running based upon design
operating conditions for the system. Further investigation is needed to evaluate the SOFC
system available heat under different operating conditions that could produce higher quality
exhaust heat (e.g., operation at lower fuel utilization) likely at the expense of electrical

efficiency.
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Figure 50. Airstream at 35°C and 45%RH with simulated LDD processes on a psychrometric chart at 100kPa.
Figure 51 presents the results of hot and dry air (40°C, 20% RH) conditions on a
psychrometric chart. In this scenario dehumidification is not needed for the supply air

entering the server rack. The incoming air only goes through the second stage and gets



cooled through indirect evaporation. The mass flow rate of air in this condition is

independent of SOFC heat.
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Figure 51. Airstream at 40°C and 20% RH process on a psychrometric chart at 100kPa.

6.3  LiCl daily storage

Microsoft has 7 different locations in the States for data centers which is shown at Figure 52.
The locations are in Washington, California, Texas, Wyoming, lowa, Illinois, and Virginia. For
this study, 24-hour weather data on July 20, 2018 is considered. Figure 53 shows the

temperature variation during 24 hours on July 20th.
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Figure 53. Temperature of 7 different location for 24 hours on July 20, 2018.
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Figure 54 shows the dew point for each hour during one day for 7 different locations. In this
part, only latent load is considered. As it is shown in Figure 54, Washington, California, and
Wyoming dew point are below the higher limit for data centers (15°C) during the 24 hours
which means that these three locations do not have any latent heat during this day. For the
other 4 locations, Virginia, Illinois, lowa, and Texas, the dew pint is almost always above the
limit. Table 17 shows the average temperature, relative humidity, and Dew point for all

locations. Illinois and Texas have the highest latent load for 24 hours.
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Figure 54. Dew point temperature of 7 different locations for 24 hours on July 20, 2018.

Figure 55 shows the schematic of the system for the case that the dehumidification is
impendent from regeneration. The regenerator will produce strong desiccant spontaneously
as the fuel cell is working all day 24 hours, then this strong LiCl will be stored and when the

dehumidification is needed will be used.

115



Natural Gas

N
Exhaust
Cold dry air
to server
| . Cooling Alr
l air
Water 775 Dry desiccant
tank
Air l | | storage
Wet desiécnt
tank

Figure 55. SOFC-LDD schematic for considering storage capacity.

Table 17. 24-hour average weather data on July 20, 2018.

Location Temperature Relative Dew Point
(°C) Humidity (4]

Table 18 shows the result for the four locations that need dehumidification on July 24th, the
results show that fuel cell will be able to produce almost 10% of the daily storage for these
cases. This is because during this day all these 4 locations need dehumidification all day long,

so there won’t be time during the day/night that regeneration can store extra amount of
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storing desiccant for later use. For storage capacity I need to look into the yearly capacity

which during some months there won'’t be any latent load and the regenerator can produce

and store LiCl for months that dehumidification is needed.

Table 18. Daily storage capacity for 7 data center locations during July 20t

Location | Temperature | Humidity | Relative | Pressure Outlet Outlet Required | Fuel Cell
(°C) ratio humidity (kPa) Temperature | Humidity LiCl LiCl

(g/kg) (°Q) ratio capacity | Capacity
Virginia 25.21 12.41 79.8 100 7.84 11 231 0.173
Illinois 22.61 15.94 88.97 98 25.93 11 2.35 0.173
Iowa 23.95 13.12 67.07 97 28.43 11 2.3 0.202
Texas 30.93 15.06 52.04 99 30.99 11 2.31 0.194

6.4 LiCl yearly storage

Figure 56 shows dew point temperatures for the seven locations of the study for the entire

year. As we can see Virginia, lowa, Illinois, and Texas are the four locations that have

significant number of hours with dew point higher than 15°C, which is the limit for

acceptable humidity level of the servers. In this section, I investigate the amount of liquid

desiccant that is required to dehumidify the air in these locations, as well as the storage

capacity for each of these four locations.
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Figure 56. Dew point for the seven locations of the study for the entire year.
For this section’s results, the assumptions are as follow:

1. Each single server rack is 12kW.

2. The space is designed so that each row of servers contains 10 server racks. (Figure 57

shows the schematic of row level server cooling.)

3. The temperature difference of the air entering and leaving the servers is 15°C. The

humidity ratio of the air cooling the server is kept below 11};% (ASHRAE recommendation);

4. Each fuel cell powering the servers is equivalent to 8 BlueGEN (12kW).
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Figure 57. Schematic of row level server cooling.

The results are presented for two scenarios; in first scenario, liquid desiccant provides
dehumidified air for one single server rack for the entire year, the fuel cell runs at full load,
and the dehumidifier is sized based on server rack, and the regenerator is sized based on FC
exhaust. In second scenario, liquid desiccant provides dehumidified air for two rows (20
server racks), Fuel cell runs at 70% load, dehumidifier is sized based on cooling required for
two rows, and regenerator is sized based on equivalent of two rows fuel cell exhaust. The
reason for row level fuel cells running at 70% and in rack level running at 100% is that when
fuel cell provides power for only one rack, it is more likely that the single server rack runs at
full load, however, when several fuel cells provide power for 20 racks, the load of serves will

be balanced to the data center overall utilization (between 60 to 80%).

6.4.1 First scenario: Rack level regenerator and dehumidifier results

In the rack level scenario, each server rack is 12kW and the server load is at 100%, which

results in the 12-kW fuel cell running at full load. The efficiency of the fuel cell is 60% at full
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load and the exhaust leaves the fuel cell at 100°C and 0.083 2%. The dehumidifier capacity is

3 tons, sized based on worst case scenario for one single server. The regenerator is sized one

ton based on the available heat from fuel cell exhaust. Figure 58 to Figure 63 shows the

regenerators results for Illinois for the entire year.
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Figure 58. Mixture air temperature before and after regeneration process for the entire year at Illinois

location.
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Figure 59. Mixture air humidity ratio before and after regeneration process for the entire year at Illinois

location.

In the regenerator, as shown in Figure 36 a mixture of outside air and return air is sent to

the regenerator. When outside air temperature is hot and humid, more return air is mixed

with outside air, and when the outside air humidity is more than 11%, 100% return air is
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used for regeneration process. This is because the return air from servers has lower
humidity and higher capacity to absorb water from desiccant. Figure 58 and Figure 59 show
the mixture air temperature and humidity before and after regeneration process
respectively. As expected, during the regeneration process, the air humidity increases as it
absorbs the humidity of the desiccant and while the hot water facilitates the regeneration
process it also causes the increase in air temperature. Figure 60 shows the return air

percentages.
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Figure 60. Return air percentages for regeneration process at Illinois location.
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Figure 61. Rate of regenerated desiccant flow for the entire year at Illinois location.

Figure 61 shows the flow rate of desiccant than is being regenerated throughout the year.
The model controller keeps the desiccant concentration in a constant range, changing from

32% to 35% as shown in Figure 62. To keep the concentration at constant it manipulates the
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amount of desiccant in can regenerate at a time. During the month that the air inlet humidity
is high and has less capability to absorb the humidity of desiccant, less desiccant is
regenerated as it is seen in Figure 61 during the summer months. The hot water produced
from the exhaust of fuel cell enters the regenerator at 60°C and leaves at between 44°C to

47°C shown in Figure 63.
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Figure 62. Desiccant inlet and outlet concentration in regenerator at Illinois location.
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Figure 63. Hot water inlet and outlet from regenerator at Illinois location.

Figure 64 to Figure 69 show dehumidifier results for Illinois. In dehumidifier, two air streams
are send to the system, one is the supply air which is a mixture of outside air and return air
and the second stream is the cooling air that is send to the dehumidifier to keep the

temperature constant by evaporative cooling. Figure 64 and Figure 65 show the supply air
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and cooling air inlet and outlet temperature. The temperature of the streams stays almost
the same even though the dehumidification is an exothermic process, which is due to the
indirect evaporation of water to the second air stream. Figure 66 shows the amount of return
air. For Illinois during May to September dehumidification is needed. Other time of the year
the humidity of supply air is within the acceptable range. As the outside air humidity is
higher the use of return air increases due to its lower humidity compared to outdoor air.
However, the return air percentages depend both on temperature and humidity of outdoor
air and return air to keep the supply air humidity within the acceptable range for servers.

Figure 67 shows the humidity ratio of inlet and outlet supply air.

40

30

-30 I I I | |
0 2 4 6 8 10 12
Month

Figure 64. Supply air inlet and outlet temperature in dehumidifier for the entire year at Illinois location.
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Figure 65. Cooling air inlet and outlet temperature in dehumidifier for the entire year at Illinois location.
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Figure 66. Return air percentages for dehumidifier process for the entire year at Illinois location.
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Figure 67. Humidity ratio of inlet and outlet supply air for the entire year at Illinois location.

Figure 68 shows the desiccant flow that is needed for the entire year to dehumidify the air
for the server while keeping the desiccant concentration between 35% to 32%. The
desiccant concentration changes are shown at Figure 69. For Illinois the strong desiccant is

used during May to September and the rest of the year is stored.
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Figure 68. Desiccant flow that is needed for the entire year to dehumidify the air for the servers at Illinois

location.
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Figure 69. Desiccant inlet and outlet concentration in dehumidifier at Illinois location.

The dehumidifier and regenerator rack level results for lowa, Texas, and Virginia can be

found in Appendix B.1.

6.4.2 First scenario: Rack level storage

Figure 70 shows the net desiccant consumption and production for the entire year for
Virginia, Texas, lowa, and Illinois. The positive bar (blue lines) shows the time that the strong
desiccant produced is being stored, and the negative bar (orange lines) are when the
consumption of strong desiccant is higher than the amount that is being produces and as a

result is a desiccant deficit. The areas with higher temperature and humidity level such as
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Texas has more deficit periods during the year. At rack level, the stored desiccant goes as

lllinois-Net Desiccant Production

high as 58lit, and the deficit goes as high as 86lit at a time.
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Figure 70. Net desiccant consumption and production for the entire year for Virginia, Texas, lowa, and Illinois.

Figure 71 shows the state of storage (charge) of strong desiccant for all four locations.
Considering starting at zero state in January. During the first couple of months most of the
strong desiccant that is produced gets stored and fills the tank, as the usage of strong
desiccants increases during spring and summer, the tank gets empty and a deficit is
observed, and then again during fall the tank gets filled with strong desiccant. For Texas,
there is a time period between Feb to April that the rate of production and consumption of

the strong desiccants is more or less similar which keeps the tank as constant state.
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Table 19 shows the row level results for Virginia, Texas, lowa, and Illinois. The net
production to consumption ratio without storage shows what percentages of the demand of
data center cooling in each location can be met by simultaneous production and
consumption of strong desiccant in regenerator and dehumidifier respectively. For all four
locations this ratio is below 40%. However, with storage only 60% and 44% of annual
production is enough to meet the entire years demand for Illinois and lowa respectively. For
Virginia, with storage there is only 4% deficit for Virginia and for Texas the deficit decreases
from 60% to 20% with storage. For row level results, the annual production and
consumption of strong desiccant is shown for each location. Virginia needs the biggest tank

size with 187m3, which is due to the unbalance between production season and
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Figure 71. State of storage (charge) of strong desiccant for all four locations.
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consumption. For Virginia, the first couple of months the year the cooling system is mainly

producing strong desiccant without the consumption (unlike Texas) which leads to need for

a bigger size storage tank.

Table 19. Rack level storage results for Virginia, Texas, lowa, and Illinois.

Illinois Iowa Texas Virginia
Net Production to Consumption Ratio
(Without storage) (%) 36.94 38.14 39.65 36.73
Annual Production (m3) 366 372 314 333
Annual Consumption (m3) 229 227 397 347
Excess production (m3) 137 145 -82.9 -13.8
Tank size (m3) 110 107 173 187
Annual Net Production to
Consumption Ratio (%) 598 63.9 ~20.9 3.9

6.4.3 Second scenario: Row level regenerator and dehumidifier results

In the row level scenario, each row has 10 server racks, and two rows are cooled by one
dehumidifier system. Each server rack is 12kW and the server load is at average 70%, which
results in the equivalent of 240kW fuel cell running at 70% capacity. The efficiency of the
fuel cell is 64% and the exhaust leaves the fuel cell at 86°C and 0.0635%. The dehumidifier
capacity is 42 tons, sized based on the cooling required for worst case weather condition for
20 servers. The regenerator is sized to 15 tons based on the available heat from fuel cell
exhaust. Figure 72 to Figure 77 show the regenerator results for Illinois for the entire year.

The process is similar to the rack level regeneration, more return air is used for the mixture

when outside air temperature is hot and humid. Then the outside air humidity exceeds the

11%, the air used in regeneration process is 100% return air.
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Figure 72. Mixture air temperature before and after the regeneration process at Illinois location.
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Figure 73. Mixture air humidity before and after the regeneration process at Illinois location.
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Figure 74. Return air percentage for regenerator at Illinois location.
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Figure 72 and Figure 73 show the mixture air temperature and humidity before and after
regeneration process respectively. The humidity of the air mixture increases as it absorbs
the water from weak desiccant. The regeneration process is endothermic, while the hot
water from fuel cell exhaust provides the heat required for this process, it also causes the

increase in the mixture temperature. Figure 74 shows the return air percentages.
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Figure 75. Regenerated desiccant flow rate throughout the year at Illinois location.
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Figure 76. Desiccant concentration inlet and outlet in regenerator at Illinois location.

Figure 75 shows the flow rate of desiccant than is being regenerated throughout the year.
The model controller keeps the desiccant concentration in a constant range, changing from
32% to 35% as shown in Figure 76. The hot water produced from the exhaust of fuel cell

enters the regenerator at 60°C and leaves at between 40°C to 45°C as shown in Figure 77.
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Figure 77. Hot water inlet and outlet temperature before and after regenerator at Illinois location.

Figure 78 to Figure 83 show the dehumidifier row level results for Illinois. Figure 78 and
Figure 79 show the supply air and cooling air inlet and outlet temperature. Supply air stream
is a mixture of outside air and return air that gets dehumidified to cool the servers and the
cooling air is sent to the dehumidifier to keep the temperature constant by evaporative
cooling. Figure 80 shows the amount of return air. Figure 81 show the humidity ratio of inlet

and outlet supply air.
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Figure 78. Supply air inlet and outlet temperature in dehumidifier at Illinois location.
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Figure 79. Cooling air inlet and outlet temperature in dehumidifier at Illinois location.
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Figure 80. Return air percentage in dehumidifier at Illinois location.

Figure 82 shows the desiccant flow that is needed for the entire year to dehumidify the air
for 20 servers while keeping the desiccant concentration between 35% to 32%. The

desiccant concentration changes are shown at Figure 83.
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Figure 81. Cooling air inlet and outlet humidity ratio in dehumidifier at Illinois location.
30
25 8
20 8
=
-g 15 .
x
-l
10~ 7
5 - -
0 L L . | L
0 2 4 6 8 10 12
Month
Figure 82. Desiccant flow rate in dehumidifier for the entire rate at Illinois location.
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Figure 83. Desiccant inlet and outlet desiccant concentration at Illinois location.
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The dehumidifier and regenerator row level results for lowa, Texas, and Virginia can be

found in Appendix B.2.

6.4.4 Second scenario: Row level storage

Figure 84 shows the net desiccant consumption and production for the entire year for
Virginia, Texas, lowa, and Illinois in row level storage. The positive blue data indicate periods
of the time in which excess strong desiccant is produced, while the negative orange data
show the desiccant being used to dehumidify, especially during summer months. At the row
level, the requirements for storing the desiccant are found to be as large as 822 liters while
the deficit amount is found to be as large as high as 1200 liters that are required over the
year. So, in some of the regions, insufficient desiccant is produced in the fall, winter, and

spring to meet the dehumidification requirements in the summer.
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Figure 84. Net desiccant consumption and production for Virginia, Texas, lowa, and Illinois in row level

storage.

Figure 85 shows the state of storage (charge) of strong desiccant for all four locations,
considering starting at zero state in January. Table 20 shows the rack level results for the
four locations. For all three locations this ratio is below 40% the same as rack level results.
However, with storage 80% and 72% annual production meets the entire years demand for
[llinois and Iowa respectively. For Virginia, with storage, the strong desiccant production is
equivalent to demand and for Texas the deficit decreases from 20% to 16% compared to
rack level. For row level results, the annual production and consumption of strong desiccant
is shown for each location. Virginia needs the biggest size of tank (2600m3) due to the high

humidity level and unbalanced strong desiccant production and consumption.
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Figure 85. the state of storage of strong desiccant for Virginia, Texas, lowa, and Illinois in row level storage.

Table 20. Rack level storage results for the four locations.

Illinois Iowa Texas Virginia

Net production to consumption 37 39 40 36
(Without storage) (%)

Annual production (m3) 5400 5400 4600 4920
Annual Consumption (m3) 3220 3190 5500 4910
Excess production (m3) 2180 2300 -900 13
Tank size (m3) 1516 1550 2360 2600
Annual net production to consumption (%) 67.7 72.1 -16.4 0.26

6.4.5 Rack and Row level Comparison:

To compare the two scenarios, it is assumed that the cooling and power system is designed
for a 240MW data center in Illinois. Table 21 shows a comparison of the two scenarios. Each
server is 12kW and requires 1400CFM cold air entering the servers at 20°C and leaving the

servers at 35°C. The humidity ratio is kept below 11:%‘]. Fuel cells are used to power the

servers. Each fuel cell is equivalent to the 8 BlueGEN system tested in the laboratory. The hot
water loop temperature change is between 45°C to 60°C and the maximum recirculated air

in the IEC is 20%. The results show that designing the server cooling is row level instead of
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rack level can decrease the size of storage needed for servers between 26 to 32% in different
weather conditions. This design gives the opportunity to run the fuel cell at partial load with

higher efficiency and decreases the infrastructure needed for server cooling.

Table 21. Rack and Row level storage comparison.

Rack Row
. Fuel cell runs full load . Fuel cell runs at 70% load
*  FC efficiency 60% *  FCefficiency 64.5%
*  FCexhaustat 100°C, 0.0832kg/s *  FC exhaust at 86.3°C, 0.0635kg/s
*  Serverload 100% *  Serverload 70%
. Dehumidifier: 3ton . Dehumidifier: 42ton
*  Regenerator 1ton *  Regenerator 15ton
Illinois | Iowa Texas | Virginia Illinois | Iowa Texas Virginia

Tank Tank

size 2.2 2.1 3.4 3.7 size 1.5 1.55 2.3 2.6
(10°m3) (10°m3)

6.5 Summary

In this chapter, the integrated system behavior has been analyzed to meet server power and
cooling demands in a data center setting for both the spontaneous case and the case with
storage. The SOFC system could produce enough power for a single server rack. The SOFC
system exhaust heat has been predicted to leave the 12kW SOFC system at 100°C
temperature and 0.832kg/s flow rate. The exhaust of the SOFC system can produces hot
water at 0.044kg/s at 60°C. The results showed that the SOFC exhaust heat was able to
continuously provide 8% of server rack required supply air in the safe range of temperature
and dehumidification under these conditions. Results showed that for daily storage in a
summer day, that needed dehumidification all 24 hours, the integrated system did not
provide the server required cooling demand. In the second section the yearly storage
requirements and annual dynamic operation have been analyzed for 4 different locations in
the US: Illinois, Iowa, Virginia, and Texas. Two scenarios are investigated: (1) rack level
server with 12kW demand, and (2) row level servers with 240kW demand. Yearly storage
results showed that in the rack level design was only able to produce 60% and 44% of annual

desiccant requirements to meet the entire annual demand for Illinois and lowa, respectively.
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In Virginia there is only a 4% deficit (96% of demand was met), while in Texas the deficit is
20%. In the row level design, Virginia’s annual production balances the demand, while Texas
still has deficit, but one that is decreased from 20% to 16% compared to rack level design.
Comparison between row level scenario and rack level scenario shows that the row level
design cooling system decreases the size of storage needed for servers between 26 to 32%
in different weather conditions. The main reason for this improvement is that the row level
design gives the opportunity to run the servers at partial load and store the desiccant based
on the load of overall server rows rather than one server which also decreases the

infrastructure needed for server cooling.
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7 SOFC experimental and degradation analysis

7.1 Integrated system experimental setup

Figure 86 shows the experimental schematic of the integrated system which consists of eight
BlueGEN SOFC systems, the dehumidification unit, server, waste heat recovery unit and a
heater. The system includes a heater for the cases that the fuel cell is not able to produce
enough heat for the regeneration system and for startup of the system. The eight BlueGEN
exhaust gas streams are combined in one duct, and then go through the heater (if needed)
and then produce hot water in the water heat recovery loop. The hot water is then pumped
to the regenerator. Preconditioned air goes through the dehumidifier to produce
dehumidified air, which then goes through the indirect evaporative cooler to cool the air

sensibly before it goes to cool the server rack.
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Exhaust Air Fuel Cell Fuel Cell Fuel Cell Fuel Cell

Figure 86. Experiment set-up concept schematic.
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7.1.1 SOFC system

The SOFC systems installed at NFCRC are BlueGEN cogeneration systems. BlueGEN is a
commercially available CHP unit, built and sold by SOLIDpower. Figure 87 shows the eight
BlueGEN units as installed in the NFCRC laboratory. Operating on natural gas, each unit can
produce power modulated from 500We (25%) to 2kWe (100%); however, it achieves its
highest net electrical efficiency of 62% at a 1.5kWe output. The BlueGEN systems are
typically operated and controlled remotely by SOLIDpower. However, through an online
human machine interface, the power output profile and as a result fuel utilization are
controllable by the user. To be able to install the BlueGEN we need to provide six

connections: fuel (natural gas), electrical, flue gas, internet, water, and drain connections.
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Figure 87. BlueGEN systems in the NFCRC laboratory.
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Natural gas connection:

BlueGEN requires an uninterrupted supply of natural gas, and it only operates on the second
family of gases (methane-based gases). Gas supply pressure to the BlueGEN appliance must
be 9-20mbar (0.9-2kPa) so an Elster Jeavons (model ]78R) gas pressure regulator is used to

avoid fluctuations due to variations in the main gas supply pressure.

Electrical connection:

The BlueGEN systems require an electrical connection to successfully operate during startup
and to export the electricity produced during normal operation. For electrical connection the
grid availability is 208VAC 3 phase, 60 hertz. Each fuel cell needs 120VAC 1 phase, 60 hertz.
3 transformers are used where two of them provide electrical connection needed for six

BlueGENs and one of them runs two BlueGENs.

Water and drain connection:

The main water supply pressure must be at least 1bar (100kPa) and no more than 10bar
(1000kPa). During operation, the appliance can consume up to 30litres of water per day,
depending on heat and condensate recovery. The BlueGEN appliance has an internal water
storage tank for the process water and this tank will fill from the main water supply
intermittently. The water consumption rate may be up to 1 liter per minute when this tank
is filling. Operation of water needs to be uninterrupted. Wastewater is ejected from the

BlueGEN appliance under pressure (0-1bar or 0-100 kPa).

The main water supply connection, drain, and overflow rejection connection configuration
can be seen in Figure 88. Water is distributed in a manifold to each fuel cell line and each fuel
cell has its own valve for water shut down. For water rejection line, overflow and wastewater
will be collected in a tank through a sloped pipe and then will be pumped to the drain. Figure
89 and Figure 90 show the pump used for fuel cell water rejection connection, manifold, and

valves for fuel cell supply water, respectively.
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Figure 88. Water connections schematic.

Figure 89. Pump used for fuel cell water rejection connection.
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Figure 90. Manifold and valves for fuel cell supply water.

Exhaust connection:

The air pipe material can be aluminum, stainless steel, galvanized steel, or polypropylene
pipes. It is not allowed to use PVC or any glue for the air pipe. The maximum exhaust
temperature can go up to be 200°C. The exhaust connections are made on the top of the
BlueGEN systems and are connected via double-walled 4inch ducting as shown in Figure 91.
The laboratory facility runs a dedicated exhaust port available in the lab space which
maintains a constant negative pressure, ensuring continuous flow. Shows the exhaust duct

manifold infrastructure.
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Figure 91. BlueGEN exhaust manifold.

6.1.5. Internet connection:

BlueGEN systems must be connected to an appropriate uninterrupted and reliable internet
connection. To facilitate this connection, a micro network was setup within the laboratory
which includes all the eight BlueGEN systems as well as the servers within the server rack.
The network is connected behind a Sonic Wall which provides the connectivity and the

protection for the systems.

7.1.2 Server rack

Figure 92 shows the server rack in the NFCRC provided by Microsoft. The server rack
consists of twenty-one HP 380E servers and during the full load needs up to 15kW power.
Each server has 2 CPU and each of them has 6 cores. Each server has 96GB RAM and 25 hard
drive with each 600k bite. A 24 port ethernet switch has been mounted on the server rack

for the network connection.
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Figure 92. Server rack at NFCRC labbratory

7.2  SOFC system experimental analysis
7.2.1 SOFC system dynamic results

Following several months of steady-states tests, several dynamic tests were run to
characterize performance of SOFC system over dynamic operation. One of the BlueGEN

systems ran over the dynamic power profile shown in Figure 93 and Figure 94 for 10 days.
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Figure 93. BlueGEN dynamic operation data.

Looking at SOFC dynamic data, it is observed that BlueGEN electrical efficiency is the highest,
roughly 64%, at full load. BlueGEN efficiency is the lowest at 30% at 300W of output (the
lowest output considered in this dynamic operating test). The BlueGEN system is
recommended to run between 1500W and 500W. At the lowest recommended power, the
efficiency is roughly 43%. As expected, at loads lower than the nominal power current

density drops, and because of lower polarization, voltage increases. Experimental results
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show that BlueGEN control system is designed to keep air flow constant and that it changes
the fuel utilization and fuel flow proportional to the output power. BlueGEN stack
temperature difference is designed to stay at 50°C at full load. The experimental results show
that by reducing the load, the temperature difference decreases. The exit temperature drops
below the inlet temperature at 700W. At low current density the endothermicity of
reformation reaction is higher that exothermicity of electrochemical reaction which causes
temperature drop along the cell. Note that while electrochemical efficiency (as indicated by
voltage) increases at part-load, fuel utilization is lowered to maintain the overall thermal
balance (self-sustaining operation) so that the overall system efficiency drops at part-load
conditions. At these part-load conditions the fuel cell stack operates at overall endothermic
conditions, which must be matched by heat from the thermal oxidizer that converts the

unspent fuel at the lower fuel utilization conditions.

Efficiency

30 I i 1 | [ I | i I i

0 1 2 3 4 5 6 7 8 9 10
Day
Stack Voltage
0.95

0.9 F

S osst

0.8 -

0.75 1 I 1 | 1 1 | I 1 I
0 1 2 3 4 5 6 7 8 9 10

Day
Fuel Utilization

90 -

ao\\]-#

70 -

(%)

60

50 -

40 1 1 1 | 1 | |

Figure 94. BlueGEN dynamic operation data.
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In another dynamic test, the BlueGEN system was tested through the following profile shown
in Figure 95 in 24h for 42 days. During this cycle, the power decreases between 1500W to
500W with 100W increments. In each power step the system is given 1 hour to reach to

steady state and then it has 15 minutes to ramp down (or up) to the next power level.

Power
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1200 |
Z 1000
800 |

600 +

400

0 5 10 18 20
Hour

Figure 95. BlueGEN stack power cycle- 24h.

Figure 96 shows the current density and voltage change during the introduced power cycle
over the 24hr period. As expected, the current density changes proportional to power profile.
Looking at voltage profile in each power step, voltage does not reach to a steady-state and is
constantly changing in the 1-hour periods. Stack temperature data in Figure 97 shows that
one hour is not enough for the system to reach steady-state temperature due to high thermal
inertia of the system which results in the observed voltage changes. Note that during the
power decrement dynamics the voltage starts higher than would be expected for steady-
state conditions because average stack temperature remains high from the previous higher
power conditions. This is expected due to the fact that ohmic losses, which are highly
dependent upon temperature, are the dominant polarizations for this SOFC stack. Note that
the opposite effect (voltage that is initially lower than steady-state voltage) occurs for the

initial response to a power increase dynamic.
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Figure 96. BlueGEN current density and voltage on a 24h cycle.
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Figure 97. BlueGEN stack temperature on a 24h cycle.

Figure 98 and Figure 99 show BlueGEN performance parameters, temperatures, and flows
during ramp up from 500W to 1500W in solid lines and ramp down in dashed line. The
hysteresis effect was observed because the system did not reach to steady state during this

power cycle in each step.
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Figure 99. BlueGEN performance under ramp test.

Another set of experiment was conducted to test how long it would take for the BlueGEN to
reach steady states. In the new test as it is shown in Figure 100, the BlueGEN runs the same
cycle as before, however, in each power step it has 8 hours to reach to steady states. It takes

a week for the BlueGEN to go through the new cycle.
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Figure 100. BlueGEN stack power cycle- one week.

Figure 101 and Figure 102 show the voltage and the stack temperature, respectively over a
week. Each color is representative of one day data. Looking closer to each power step data,

it shows that voltage and temperature changed during the first couple of hours sharply and

the BlueGEN system reached to steady states after 5 to 6 hours.
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Figure 102. BlueGEN stack temperature on a one-week cycle.

7.3  SOFC Degradation Results

BlueGEN system was tested on power cycle presented on Figure 95 for 42 days. Figure 103
shows the V] curve for the system on the first day and last day of test. As expected, the
hysteresis effect is observed due to not reaching to steady-state at each power step. Results

shows that the BlueGEN system degraded by 0.58% for the 42 days of operation (1000h) on
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a very highly dynamic set of operating conditions. This degradation is equivalent to

4.7mV/cell.
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Figure 103. BlueGEN V-] characteristics curve for a 24h power cycle for 42 days
At this writing the BlueGEN system has been running for more than 6000hr from the time of
installation at the NFCRC. Figure 104 shows the power profile of BlueGEN system over this
6000h operating period. After 4000 hours of steady-state operation the system runs the first
dynamic load Figure 93, then after a couple of days of steady operation it goes through the
24h dynamic load cycles for 1000hr followed by the one-week dynamic cycle. Figure 105
shows the voltage change over the 600hr operation. The system operation is divided to three
region and Table 22 shows the degradation results for each of the regions of operation. The
BlueGEN degradation rate is 0.25% per 1000hr for the first region of steady-state operation.
During the first 1000hr of operation as the system is new the degradation rate is twice that
of the regular steady-state operation. Also, the system degrades twice as fast as steady-state
operation while operating under highly dynamic operating conditions. As the system

degrades, the fuel consumption increases and as a result the overall system efficiency drops.
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Figure 105. BlueGEN stack voltage (V) during 6000h operation.
Table 22. BlueGEN degradation analysis.
Parameter A, initial steady- B, steady-state C, dynamic
state operation operation operation
1000h 3000h 1000h
Degradation per 1000h 0.58% 0.025% 0.59%
Degradation per cell 4.8mV 2mV 4.7mV
Efficiency decrease 0.59% 0.3% 0.58%
Fuel consumption increase 0.6% 0.3% 0.5%

7.4  SOFC cell experimental analysis

For cell level tests, experiments were carried out using a commercial anode supported solid
oxide cell. The cell anode side consists of two layers, a thick Ni-YSZ anode support (250-
400um) acting as the mechanical support, current collector and gas diffusion layer, and the
other is the functional layer with a more dense structure near the electrode-electrolyte
interface (*10um thick). The electrolyte consists of 8% mol Y203-ZrO2 (YSZ, 5um thick) on
which Gadolinium Doped Ceria oxide (GDC) barrier layer (3um) is deposited to prevent the

formation of insulating SrZrOs. The cathode active layer (15pm thick) was made up of
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lanthanum strontium cobalt ferric oxide (Laix SrxCoyFe1y 03-§) in contact with the cathode
current collector of similar thermal expansion. The cell had an active area of 12.6cm?

(cathode diameter of 40mm).

7.4.1 SOFC Cell experimental setup

Figure 106 shows the procedures of mounting a cell. A proper gas tightness and electrical
connection is required during this procedure. Insulation and sealing material (Mica) is used
alongside glass seals for this purpose (Figure 106.a). Nickel mesh and gold meshes with gold
leads are used as the current collectors on the anode (fuel side) and cathode (air side),
respectively. The first layer is nickel mesh surrounded with Mica (Figure 106.b). Between
the mica and nickel mesh a layer of glass seals is injected (Figure 106.b). The single cell is
placed on top of nickel mesh with a layer of glass seals touching the anode side (Figure 106.c).
The first layer of alumina felt is placed on top of the cell, and the gold mesh is placed on top
of the cathode (Figure 106.d). Gold is used due to lesser reactivity at high temperature in air.
The last layer is the alumina felt (Figure 106.e). The porosity of alumina felt helps in

distributing the air uniformly over the cathode.

(a)
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Figure 106. a) 1st layer of mica on the setup b) Nickel mesh along with mica and glass seals (c) Anode
supported SOFC placed on the nickel mesh and the glass seal, (d) first layer of alumina felt and gold mesh (e)
Alumina felt layer on top of the gold mesh and current collector lead (f) The single cell SOFC subsystem upon

closing the top plate.

The experimental setup of the single cell used for each of the three 1000hr tests is shown in
Figure 107. The furnace keeps the temperature at constant. The JV scan and EIS
measurements were performed with a Zahner Zennium impedence analyzer. Zanher positive
terminal connects to the cathode and the negative terminal to anode. The voltage response
is also measured via the same system. During EIS measurements constant loads of 0.1, 0.5,
and 0.9A/cm? were applied to the cell. For applying constant loas of 0.5A/cm? during the
1000hr polarization a load box (Elektro Automatik Gmbh) is connected to the setup. The
fuel cell air and fuels are supplied by Voegtlin Red-y smart series mass flow controllers. The

purity level of hydrogen, nitrogen and ammonia used in the experiments are 99.999%,
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99.999% and 99.99% respectively. Nitrogen and hydrogen are stored as compressed gases

while ammonia is stored in liquid form in commercial cylinders.

Exhaust

outlet

Figure 107. Experimental setup of single cell SOFC system.

7.4.2 Test conditions

The single-cells were tested with three different fuel composition as shown in Each test runs
on a pristine single cell SOFC. Cell 1 on pure H2, cell 2 on H2-N2 (simulating the External
Ammonia Decomposition Reaction (Ext ADR) case), and cell 3 on NH3 directly, which
includes the internal decomposition reaction (Int ADR). A nominal operating temperature of
750°C is chosen for the tests. After mounting each cell, each SOFC cell is reduced in H2 and
N2 atmosphere. Each cell runs for 1000hr at 0.5A/cm2 to compare long term effect of
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different fuel on SOFC degradation. Dynamic current density (J)- Voltage (V) scans were
performed every 100hr from Open Circuit Voltage (OCV) to 700mV at 5mV/s with 1mV
resolution. The JV scans are followed by three EIS measurements at 0.1, 0.5, and 0.9A/cm2
and 200mA perturbation signal for a frequency range of 1KHz to 200KHz. The quality of EIS
spectra was verified using the Kramer Kronig’s (KK) test. The overall test duration of test for
each cell was 47 days.

Table 23 to compare the degradation effects between in-situ and ex-situ ammonia reforming
with that of pure hydrogen for a duration of 1000h. Each test runs on a pristine single cell
SOFC. Cell 1 on pure Hz, cell 2 on H2-N2 (simulating the External Ammonia Decomposition
Reaction (Ext ADR) case), and cell 3 on NHs directly, which includes the internal
decomposition reaction (Int ADR). A nominal operating temperature of 750°C is chosen for
the tests. After mounting each cell, each SOFC cell is reduced in Hz and N2 atmosphere. Each
cell runs for 1000hr at 0.5A/cm? to compare long term effect of different fuel on SOFC
degradation. Dynamic current density (J)- Voltage (V) scans were performed every 100hr
from Open Circuit Voltage (OCV) to 700mV at 5mV/s with 1mV resolution. The JV scans are
followed by three EIS measurements at 0.1, 0.5, and 0.9A/cm? and 200mA perturbation
signal for a frequency range of 1KHz to 200KHz. The quality of EIS spectra was verified using
the Kramer Kronig’s (KK) test. The overall test duration of test for each cell was 47 days.

Table 23. Fuel conditions related to each cell.

Cell Nz Hz NH3 Air
Fuel Type
number (ml/min) | (ml/min) | (ml/min) | (ml/min)
1 Pure Hydrogen 0 120 0 500
2 External-ADR 40 120 0 500
3 Internal-ADR 0 0 80 500

7.5 SOFC cell experimental results

7.5.1 Voltage degradation

Each cell was subjected to steady state testing for 1000 hours at 0.5A/cm? as shown in Figure

108. Figure 109 show the temperature change during these tests. The cell operating on Hz-
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N: failed at 850hr. A sudden increase in cell temperature was likely the cause of failure.
Consequently, the degradation rate for all cells is calculated based on voltage data from time
0 to 850hr. The degradation rate is calculated based on the slope of best linear fit to voltage
over time with RZ value of 98%, 97%, and 93% for Hz, N2-Hz, and NHs respectively. The
degradation rate observed for Hz case is 2.51%kh-1, for NH3 case is 1.04%kh-1 and for N2-H2
case is 2.6%kh-1. The cell tested with ammonia shows almost 60% less voltage degradation

over time than the other two cases.
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Figure 108. Voltage versus time characteristics of the 3 SOFC cells for the duration of 1000h.
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Figure 109. Temperature versus time of the three SOFC cells for the duration of 1000h.
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Figure 110 shows the JV characteristics of the three fuel compositions at the beginning of the
test and after 800h of test. The results show comparable performance for all three cases. The
highest OCV was reached at NHs case with 1.228V, suggesting endothermal cracking, while
the maximum current density reached was for Hz at1.06A/cm?2. The OCV achieved for N2-Hz
and Hz was slightly lower that NH3 at 1.199V and 1.215V respectively. The current density
reached at 0.7V for N2-H2 was 1.02A/cm? and for NH3 was .995A /cm?2. The similarity of OCVs
measured proves that hydrogen is electrochemically oxidized after the initial decomposition
of ammonia. If ammonia was directly utilized the OCV value should have been significantly
higher [147]. Please note that the cell performance as a function of current density is similar
operating all on ammonia, hydrogen, and hydrogen/nitrogen. Although power density is
slightly lower in the case of NH3 and N2-H2 fuel which could be due to the lower partial

pressure of hydrogen.

0oF

ol
o
n

=
wa

WVoltage (V)

550 600 650 700 730 800 850

Voltage (V)

HZNE @:IO hr Current Density (mA/cm?)
09| HzNz @tsoo hr .
—H, @,
08kl H), @0 4 )
NH3 @:tO he
0.7L ] NH3 I@tsoo hr | | | | N |
. 0 200 400 600 800 1000 1200

Current Density (mA/ sz)

Figure 110. J-V characteristic curve for N2-Hz, H2 and NH3 fuel composition at 750C.

7.5.2 Fuel Composition effect

The inductance and capacitance corrected Nyquist plot of the EIS spectra for different flows

at the beginning of the test (t=0hr) and after 800hr at 1.256A are shown in Figure 111(a)
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and (b), respectively. The residuals from KK tests were between +1%. The results show a
constant ohmic resistance at the beginning of the test however after 800hr test N2-Hz and H>
case have slightly higher ohmic resistance, while polarization resistance is the highest for
ammonia case. The ohmic and polarization resistance are presented at Table 24. It is evident
that the increase in total resistance after 800hr test is due to the increase in ohmic resistance.
The similarity in EIS between NH3 and N2-Hz proves the two-step utilization of Ammonia as
found in literature [64,65,73]. The inductance and capacitance corrected Bode plots (Figure
111(c) and (d)) shows that the NH3 and H2-N2 have similar trends compared to Hz. The
charge transfer region (10! to 103Hz) had lower resistance for Hz while the gas diffusion
resistance was higher for Hz than the NH3 and H2-N:z cases. This is likely due to higher
hydrogen partial pressure in pure hydrogen case, since mass transport losses through the
thick anode support may contribute to concentration polarization. These results are

consistent with findings in literature [148].

Table 24. Effect of changing different fuel composition (N2-Hz, NHs, H2) on resistance.

Fuel Ohmic Resistance (Qcm?) Polarization Resistance (2cm?)
t=0hr T=800hr t=0hr T=800hr
H; 0.1673 0.1878 0.5065 0.5283
N.H; 0.1623 0.1920 0.5084 0.5142
NH;3 0.1638 0.1775 0.5213 0.5295
Time= Ohr Time= 800hr
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Figure 111. Effect of changing different fuel composition (N2-Hz, NHs, Hz) at t=0 and t=800hr. (a) Inductance
and capacitance corrected EIS spectra at t=0hr, (b) Inductance and capacitance corrected EIS spectra at =800,

(c) Inductance corrected Bode plot at t=0, (d) Inductance corrected Bode plot at t=800.

7.5.3 Effect of time on different fuel for SOFC

Figure 112 shows the effect of time on three cells fueled by Hz, N2-Hz, and NHs. The Nyquist
plot corresponding to the EIS spectra reveals that in all three cases the ohmic resistance
increases as the operating duration increases (12% for Hz, 18% for N2-Hz2 8% for NH3). The
N2-H2 case has the highest increase in ohmic resistance over time while the ammonia case
has the lowest. The polarization resistance stays almost constant and the increase in total
resistance over time is due to the increase in ohmic resistance. The inductance and
capacitance corrected Bode plots revealed that the charge transfer frequency region

increased in resistance while the gas conversion peaks stay the same as shown in Figure 112.
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Figure 112. Effect of time on inductance and capacitance corrected EIS on left side and Bode plot on right side

for H2, N2-Hz, and NHa.

7.5.4 Microstructural analysis

SEM and EDX investigations were carried out on the anode surface to evaluate the effect of
operating NHs, N2-Hz, and Hz on SOFC cell. Figure 113(a) shows the SEM image of an anode
after being purges with N2-Hz and reduced which is used as the reference cell. Figure 113(b)
and (c) shows the anode microstructure inlet and outlet after operating on N2-Hz. Please note
that this cell failed after 850hr of operation therefore the SEM images are taken after 850hr
of operation while for NH3 and H2 cases the images are taken after 1000hr of operation. As
it can be seen, there is no significant changes to microstructure of anode inlet and outlet
compared to reference cell. Looking at the SEM image of gas outlet region for Hz performed

cell (Figure 113(e)) signs of potential enlargement of Ni particle is apparent at the surface
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level which can be starting for nickel migration; however, the effect is not magnificent
enough to effect on quantifications Table 25. The anode microstructures are nearly the same
without any crack for NHs case as it is shown in Figure 113(f) and (g). Further, the nickel
particles are not enlarged suggesting that no significant degradation of the cell anode
microstructure occurs after the ammonia exposure for over 1000h operation time. The
findings are consistent with findings at [65]. Although no remarkable microstructure
degradation signs were observed at SEM imaging, analysis of cross section SEM/EDX image

is necessary for further investigation of degradation.
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Figure 113. SEM-images taken of the anode surface at fuel inlet (left) and fue otlet (right) reglon for (a)
reference cell, (b, ¢) after operation with H2-N2 (d, ) after operation with H: (f, g) after operation with NHs.

The aforesaid SEM observations are substantiated by the corresponding EDX quantification,

and the data of the element atomic percentages. EDX quantification was done based on three
different areas on each sample and the average is reported in Table 25. The nickel, oxygen,
and zirconium atomic percentages after the tests with H2-N2 and NHs did not change
significantly compared to the reference cell. The decrease of the nickel percentage is less
than 5% as compared to the reference cell. Furthermore, it seems that there is no formation
of NisN on the anode surfaces for the 1000h operation time. For N2-Hz case there is a
significant lower atomic percentage of Ni (20%) and higher percentage of Zr (~12%). The
changes are due to the presence of ZrO2z agglomeration on the surface of anode as shown in
Figure 114 which came from the sintering process on zirconia refractories and, as such, are

not relevant to degradation processes.

Table 25. EDX quantification analysis for reference cell and after operating on Hz, NHs, N2-Ho.

Cell Ni Zr Y 0
inlet | outlet inlet | outlet inlet | outlet | inlet | outlet

Reference 28.3 28.8 4.5 38.3
H2 25.5 23.3 29.4 33.2 5.1 6.3 40.1 37.2
N2-H2 10 9.0 40.3 411 7.7 7.8 41.9 42.1
NH3 25.3 24.1 30.5 31.2 5.6 5.8 38.5 38.89
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Figure 114. ZrOz agglomeration on the surface of anode at N2-Hz cell.

7.6  Summary

In this chapter degradation of SOFC was analyzed in various conditions. First the SOFC
system degradation was evaluated while operating under steady states and dynamic loads.
In order to do so, BlueGEN system was installed at APEP laboratory, and the system first
operated under steady state at nominal condition for over 4000hr, and then operated under
ramp up and ramp down dynamic load for 1000hr. Results showed that the BlueGEN system
degraded 0.59%kh-1 under dynamic operation while depredating 0.025%kh-1 under steady
state load. In the second part, the degradation of single cell SOFC directly fed with ammonia
(NH3) was analyzed and compared with externally reformed ammonia (N2-Hz2) and pure
hydrogen (Hz2). The voltage degradation rate observed for Hz case was 2.51%kh-1, for NH3
case was 1.04%kh-1 and for N2-Hz case was 2.6%kh-1. Also, the SEM investigation showed no

sign of degradation on the cell anode microstructure occurs after the ammonia exposure.
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8 Summary and Conclusions

8.1 Summary

The goal of this research was to first evaluate the integration of an SOFC system with liquid
desiccant air conditioning for efficient and reliable data center power and cooling. The
second goal was to evaluate the durability of the proposed technology under different
dynamic and steady state operation and with different fuels. The goals were achieved by 1.
extensive literature review on SOFC technology, degradation, and fuels as well as data center
power and cooling and liquid desiccant technology, 2. Developing a dynamic model for
BlueGEN SOFC based on EAGERS and validating the model with experimental results, 3.
Developing a physical model for liquid desiccant air conditioning and validating the results
with literature data, 4. Calculating data center cooling demand based upon cooling type and
weather conditions in various locations, 5. Analysis of the integrated system for different
weather conditions and determining the storage capacity to meet the annual demand of data
centers, 6. experimental set up and long-term test and evaluation of the SOFC system
degradation under steady-state and dynamic operation and SOFC cell degradation operating
on different fuels. Findings showed that integrated SOFC-AC system coupled with seasonal
storage is a great candidate for powering data centers and keeping the server racks in a safe
range of temperature and humidity in hot and humid regions. Also, the SOFC technology used
in this integrated system can be designed for robust dynamic operation over many years and

can likely be fed by ammonia without any negative effect on durability of the system.

8.2 Conclusions

8.2.1 Integrated SOFC-AC for data center

A spatially and temporally resolved physical SOFC system model and a corresponding
physical model for liquid desiccant dehumidification were developed and successfully
verified by comparison with experimental data and literature data respectively. To simulate
the integrated system behavior to meet server power and cooling demand in a data center,

first the data center demand was modeled based on weather data. The developed model was
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used to simulate the power and cooling for scenario cases with and without storage. The
SOFC system could produce enough power for servers in all cases. For a single server case
with no storage, the results showed that the SOFC exhaust heat was able to continuously
provide almost 25% of server rack required supply air in the safe range of temperature and
dehumidification under these conditions. This result showed that to provide enough cooling
required for data centers seasonal storage is required. Results from simulating integrated
SOFC-AC with seasonal storage showed that for three of the studied locations (Illinois, lowa,
and Virginia) the integrated system can provide enough cold and dehumidified air
throughout the entire year, and for the extreme weather condition in Texas it meets up to
85% of the demand in a row level design. The analysis showed that the row level design gives
the opportunity to run the fuel cell at partial load with higher efficiency and decreases the
infrastructure needed for server cooling. Providing the required cooling for servers through
liquid desiccant dehumidification using the high-quality heat of the SOFC exhaust will
significantly decrease data center electric power consumption. This configuration offers the
potential for high energy efficiency (up to XX% for electricity and YY% for electricity and
cooling annually), environmental (up to ZZ% less carbon dioxide emissions) and economic
benefits (up to XX% annual energy cost reduction) to data center applications, reducing both

greenhouse gas and criteria pollutant emissions.

8.2.2 SOFC experimental and degradation analysis

First, the BlueGEN system was successfully installed and tested for observed degradation
under both steady-state and dynamic operating conditions. To evaluate the degradation of
BlueGEN system first the system ran under nominal conditions and then under dynamic load
cycling conditions for 4000hr and 1000hr respectively. Findings showed that the system
degrades twice as fast compared to steady-state operation while operating at a highly
dynamic condition. As the system degrades, the fuel consumption increases and as a result
the efficiency drops. Even though the SOFC system degrades twice faster in dynamic
operation mode, the degradation rate is within the range of SOFC stack healthy lifetime
which makes the BlueGEN SOFC technology a great candidate for large scale installation at
data centers. Secondly, the objective was to evaluate the influence that ammonia fuel has on

anode supported Ni/YSZ single cell compared to externally decomposed ammonia (N2-Hz)
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and pure hydrogen cases. Results showed that the cell voltage and power density were
similar for all three cases (degradation of 1.04%kh-1, 2.6%kh-1, and 2.51%kh1 for operation
on ammonia, N2-Hz, and Hgz, respectively) and the voltage degradation was lower for
ammonia compared to the other two cases. No changes were observed on anode surface for
ammonia fed cell within the scale of SEM observation. EDX quantification showed no
significant changes in atomic percentage of Ni meaning that there were no signs of nickel
nitrite formation. Findings suggests that ammonia has a great potential as a substitute fuel

for natural gas or Hz in SOFCs.

8.3 Future Work

8.3.1 Integrated SOFC-AC for data center

In this dissertation the economic and environmental effects and benefits of this integrated
system and comparison to other conventional and competing technologies were not
thoroughly evaluated. Also looking into optimizing the integrated system design to minimize
the cost and maximize the desiccant storage capacity could be another interesting area to

research.

8.3.2 SOFC experimental and degradation analysis

Even though in this dissertation no sign of microstructural degradation was observed within
SEM imaging range for NH3 fed SOFC, a great area for further analysis is investigation of
cross-sectional area which enables analysis of ammonia exposure to other cell layers. Also,
to study the origin of degradation mechanisms and hence performance losses during the
operation, the Distribution of Relaxation Times (DRT) analysis can be the potential next step
based upon findings of this research. Also, longer duration operation of SOFC under dynamic
operating conditions and with ammonia fuel would help to determine possible degradation

impacts.
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APPENDIX A
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APPENDIX B

B.1. Rack level results
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