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Abstract

The aim of this dissertation is to analyse the performance of fuel cell combined heat and
power (CHP) systems in buildings and their integration with renewable energy systems in

order to analyse their environmental and economic impact.

Even though, fuel cell technology is still in its research stage, improvements can be made
in order for this technology to be cost-competitive for some applications in the future. A
detailed review of the different types of fuel cells and the main companies developing
them is carried out in the first part of this dissertation. A more thorough review has been
carried out for the current fuel cell CHP systems. Outcomes of this research found out
that the 750 W fuel cell CHP system developed in Japan through the ene.farm scheme is
expected to be cost-competitive by 2015.

To analyse the performance of fuel cell CHP systems, existing commercial tools have
been reviewed and analysed. The Simplified Building Energy Model (SBEM) tool has the
ability to calculate the CO, emissions and operating costs of a CHP system that can
represent a fuel cell. However, to design the system it is required to use a dynamic
simulation tool. A model that consists of a fuel cell CHP unit, a hot water storage tank
and a radiator that supplies the heating demand to an office, has been developed using the
platform of ESP-r. From using this model it has been possible to define a methodology to
select the best size of hot water storage tank to ensure that the fuel cell is not switched on
and off intermittently for more than once a day. For the system that has been designed,
the results have simulated the operating hours, the electricity generation, heat generation
and the fuel consumption based on seasonal periods. The analysis of these results
determined that a 5 kW fuel cell system can achieve significant reductions in CO,

emissions and operating costs for an office between 250m? and 500m>.

Fuel cell technology is also promising due to their potential to integrate renewable energy
systems. For this reason, additionally, a modelling exercise has been carried out to
encapsulate a system integrating wind and solar energy generation with an electrolyser to
generate hydrogen, store it and supply a fuel cell when the renewable energy generation is
not available. The software that has been used for this simulation is Homer Energy, which
has been evaluated to analyse the performance of this system, obtaining interesting results

and detecting some improvements that can be made.
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1 Introduction

According to the Intergovernmental Panel on Climate Change (IPCC) there is clear
evidence that emissions of greenhouse gases (GHG) are causing global warming.
According to their studies, global CO, emissions temporarily stabilized after the two
oil crises of 1973 and 1979,

however, growth returned thereafter 1970

20M

(0]
present day. (IPCC, 2007) In fact, ™" imuo

3655 MCO2

recent data reveals that global CO, st wcc?

and has continued to rise until the 150 1&% S

32274 MCO2

emissions were 150 times higher in Figure 1: Global CO, Emissions 1850 to 2011.
2011 than they were in 1850. Source: World Resources Institute, 2014

(World Resources Institute, 2014)

To stabilize the GHG concentrations in the atmosphere it is required to reduce the
carbon emission from energy production and use, transport, building, industry, land
use and human settlements. If successful in reducing these emissions, the IPCC’s
Fifth Assessment Report states that it would be possible to limit the increase in global

mean temperature to two degrees Celsius above pre-industrial levels. (IPCC, 2014)

As can be seen in figure 2, in Europe, 26 % of Otner

Agriculture 0.7%
21%

the final energy consumption is used in buildings Eiry

Transport
31.8%

(European Comission, 2012), therefore an
improvement in building services can represent a

significant energy reduction in the total energy

Industry
25.6%

consumption. One of the technologies that can

achieve significant energy reductions in

Households
26.2%

buildings are Combined Heat and Power (CHP) . _

Figure 2: Final energy consumption, EU-28,
energy systems. CHP systems are more efficient 2012 source: European Comission, 2012
than conventional methods such as boilers and
power stations; therefore they can deliver significant CO, emission reductions and
cost savings. Due to power station and distribution losses, electricity supplied by the
general grid in the UK has efficiency around 40%. As can be seen in figure 3, using a
CHP system the overall efficiency of the system is around 75% due to avoiding

transport losses as the electricity is generated on-site.
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Primary energy savings: = 39/139 = 28%

Figure 3: Energy savings through typical new small-scale packaged CHP compared to conventional
sources. Source: (Carbon trust, 2010)
Using fuel cell technology, the efficiency of a CHP system can be increased up to
90% when all the heat generated is used. For this reason CHP fuel cell systems can
contribute significantly to reduce energy consumption and carbon emission from
buildings. Although the first fuel cell was developed in 1942, they remained nothing
more than a scientific curiosity until the early 1990s. The interest in fuel cell
technology was significantly increased in early 2000 based on a promise of a new
energy revolution. Particularly, companies from Japan and the United States have
been developing and improving the technology and even enabling commercial stages

for some applications.

Due to the constant development of fuel cell technology and recent commercial
production, the available information about its performance in real applications is
currently limited to date, most of the commercial energy modelling tools available
have not incorporated fuel cell functionalities and the utilization of research tools is

required for this purpose.

Apart from the reduction of energy consumption due to their high efficiency, fuel
cells are also promising due to their potential to integrate renewable energy systems
in the future. Even though current applications of fuel cell CHP systems use natural
gas to generate hydrogen to supply the fuel cell, hydrogen can also be generated from
the excess of energy generated from a renewable energy source. In a future scenario

where renewable energy generation systems substitute fossil fuel generation systems,
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one of the principal problems detected is the lack of control over when the electricity
is generated. The integration of fuel cells in renewable energy systems can help to
solve this problem as the excess of energy generated by renewable energy systems
can be converted into hydrogen through a process of electrolysis and can be used later

on when there is no renewable energy generation available.

In summary, the fuel cell CHP system can provide a more efficient way to produce
electricity and heat to supply buildings' demands and have a potentially significant
contribution for the future as they can be integrated with renewable energy systems.

1.1 Objective

The objective of this dissertation is to investigate the performance of fuel cell CHP
systems to supply the demand of electricity and hot water of a building; to determine
how fuel cell CHP systems can be simulated using existing tools and to develop a
methodology to evaluate the environmental and economic impact of using fuel cell
CHP systems; and to analyse their potential for integration with renewable energy

systems.
1.2 Methodology

In order to achieve the objective described before, the steps described in this section

have been undertaken in this dissertation.

The first step has been to understand the fuel cell technology, current context and
state of art. The dissertation describes the main components common to the majority
of fuel cell systems, emphasizing the ones that are critical for the system’s
performance and are object of current research. Each type of fuel cell has also been
investigated to describe its characteristics and differences among other types. Some
types of fuel cells are at a research stage while others are close to a commercial stage.
For this reason, each type of fuel cell has had its manufacturing companies, actual or

potential market and applications analysed.

From the current applications of fuel cells, this dissertation is focused on the CHP
systems for buildings. Therefore, available fuel cell CHP systems in the market have
been analysed. Different sizes of systems have been analysed from micro CHP
systems of less than 1kW power output to big power stations of more than 10MW
power output. Technical specifications of representative models available presently in

12



the market have been exposed and, as examples, some installed systems in the UK
have been illustrated. The future integration of fuel cell CHP systems has been also
analysed as it has been considered that fuel cell technology has a huge potential in this

area.

From this first section, it is possible to achieve a global understanding of fuel cells
and, most importantly, the current models that can be found in the market and their

applications.

The second step undertaken has been to analyse the available tools to simulate CHP
systems and their potential to simulate fuel cells. The Chartered Institution of
Building Services Engineers (CIBSE) guide has been used to understand the basics of
CHP system design and the parameters that should be analysed when simulating CHP
systems in order to determine the environmental and economic impact. The initial
approach was to analyse simple available tools like the CHP Site Assessment Tool
and the Simplified Building Energy Model (SBEM). From these tools it has been
determined and calculated the necessary inputs and the outputs; but above all their
capacity to simulate fuel cells has been analysed. Although the results obtained from
these tools, especially SBEM, can provide the necessary information to carry out an

environmental and economic analysis, the inputs needed depend on the system design.

ESP-r has been used to perform a dynamic analysis of the fuel cell CHP system in
order to design the fuel cell CHP system and to obtain the results needed to analyse
the economic and environmental impact. From an initial scoping of the fuel cell
components developed in ESP-r and available models it has been decided to use an
existing model from a former student as a starting point. At this stage it has been
considered convenient to use a specific size of fuel cell which represents an existing
fuel cell in the market and determine its performance for an appropriate scenario.
Using the selected fuel cell, some simulations have been carried out to obtain several

outputs:

- Heating demand of different scenarios to decide an appropriate case to study:
two offices of 250 m? and 500 m? have been considered for subsequent

simulations.
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- Performance of the system with different tank sizes. A methodology has been
developed to select the best tank size and it has been applied to the two

scenarios analysed.

- Evaluation of the system designed to obtain the results: fuel consumption,
operating hours, percentage of demand supplied by the CHP and the back-up

system and electricity generated.

The third step undertaken has been to calculate the final results in order to analyse the
environmental and economic impact of the system proposed. The annual results have
been calculated using the outputs obtained from the ESP-r simulations. The results
obtained have been validated comparing them to them to the results obtained in the
verification of a similar fuel cell carried out by an independent agency. Finally, the
CO; emissions and operating costs of the fuel cell CHP system has been calculated

and analysed for the two scenarios proposed.

The forth step has been to analyse the potential of a commercial available tool in the
market to simulate fuel cell CHP and renewable energy integrated systems. Even
though it is not the main objective of this dissertation, it has been considered that fuel
cells can provide important benefits in this area in the future. Some simulations have
been carried out to determine the results that can be obtained with the software and

the improvements that can be made in the future.

It has been also included a last step with the conclusions of the dissertation giving a
critical point of view of the technology analysed and the results obtained, and

exposing the future work identified.

2 Fuel cell technology

A fuel cell is an electrochemical device that converts the chemical energy from a fuel,
combined with oxygen, into electricity, heat and water. Hydrogen is the most
commonly fuel used and ambient air is usually used to supply the oxygen. The basic

components of a fuel cell are:
1. A negative electrode (anode) to which the fuel is supplied.
2. A positive electrode (cathode) to which the oxygen is supplied.

3. An electrolyte that separates the two electrodes.

14



Electrons are produced in the anode and consumed at the cathode. An electric circuit
is connected to the two electrodes to use the electricity provided by the fuel cell. The
electrodes can contain a catalyst to improve the speed of the reaction. At the cathode,
where the electrons are received, there is also generated heat which has to be taken
away from the fuel cell and can be recovered to supply heating demand. The reactions

that take place at the electrodes are:
1. Anode: H, — 2H" + 2¢”
2. Cathode: % O, + 2H" + 2 — H,0

Figure 4 shows a schematic illustration of the basic components described above.

2e
>
Fuel In ‘l ii Oxidant In
H., Positive lon 1/ZO_|
L] g NN
or
H.O Negative lon H:O
Depleted Fuel and Depleted Oxidant and
Product Gases Out N I \ Product Gases Out
Anode  Electrolyte Cathode

Figure 4: Schematic components of a fuel cell. Source: Hirschenhofe, et al., 2004 in Behling, 2013

The most critical part of the fuel cell is the interface. The interface is the area where
the electrolyte and the electrodes meet and where the electrochemical reaction takes
place. The design of the interface is critical and has been improved during the last 20
years increasing the performance of the fuel cells. (Behling, 2013)

2.1 Fuel cell systems

The fuel cell needs a set of external components to run properly which may differ
according to the type of fuel cell used or the purpose of the installation; however,
there are some common components to all the fuel cell types and some others which

are used in the most common fuel cell applications.
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2.1.1 Fuel cell stack

The fuel cell explained before represents only a single fuel cell. However, only one
fuel cell generates a just a short amount of electricity; therefore multiple cells are
assembled into a fuel cell stack which can contain hundreds of fuel cells. Increasing
the number of fuel cells of a stack the voltage is increased while increasing the

surface of the area of the cells the current is increased. (Ballard, 2013)

2.1.2 Fuel cell reformer

When the hydrogen used to supply the fuel cell is extracted from fossil fuels such as
natural gas or methanol a reformer is needed. In the reformer the hydrogen is
generated creating at the same time CO,. After passing through the reformer,
commonly, the hydrogen is sent to a reactor where other impurities, such as sulphur,
are extracted in order to prevent the impurities to enter in contact with the catalyst

reducing the efficiency and life expectancy of the fuel cell. (Ballard, 2013)

2.1.3 Air Supply

The ambient air is injected inside the fuel cell through an air compressor or blower.
The air is filtered and, depending on the external conditions, it is humidified as well.
(Ballard, 2013)

2.1.4 Thermal management

The temperature in the fuel cell stack has to be carefully controlled. The heat
generated at the fuel cell stack is used to preheat the fuel and the air entering the fuel
cell through heat exchangers. Due to the large amount of heat generated at the fuel
cell, the excess of heat can also be recovered and used to produce steam and generate
electricity or to supply a heating demand. When this energy is used, the efficiency of

the fuel cell is largely increased. (Ballard, 2013)

2.1.5 Water management

Water is generated and at the same time needed in different parts of the fuel cell. A
correct water management can provide the water needed from the one generated by
the fuel cell reaction. (Ballard, 2013)
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2.1.6 Power management

Fuel cells generate direct current electricity (DC); however in most of the applications
of fuel cells alternating current (AC) is needed. An inverter to transform the electricity
from DC to AC is installed along with converters and transformers. This increases the
capital cost of the fuel cell and at the same time decreases the overall efficiency of the

system around 2-6 %. (Logan Energy, 2011)

hedt exchan

Sensor

Gas pump

Liquid pump
Valve S @EDO

Figure 5: Fuel cell system schematic diagram. Source: Ujiie, 2006 in Behling, 2013

Figure 5 shows all the components described before and how they are connected to
the fuel cell. It shows as well the flow of air, fuel and water and the electricity

generated.
2.2 Types of fuel cells

There are different types of fuel cells which have been developed and produced since
fuel cells where invented. In this section there are described all the types of fuel cells,
their technical characteristics and their current state of development, current research

and applications, companies producing them and main markets.
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Figure 6: Types of fuel cells, their reactions and operating temperatures. Source: Barbir, 2012

Fuel cells are usually classified by the electrolyte used in the cell which can be
aqueous, solid, or molten; alkaline, neutral, or acid; or polymer, chemical substance,
or ceramic. As can be seen in the figure 6, the operating temperature of the fuel cell
varies according to the type of electrolyte used. If the operating temperature of the
fuel cell is low, fuels such as methane have to be reformed outside the fuel cell as the
temperature required for its reformation is about 600-700 °C. Conversely, if the
operating temperature is high the fuel can be reformed inside the fuel cell. (Behling,
2013)
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Figure 7: Shipments and Megawatts by fuel cell type. Source: Fuel Cell Today, 2013

Figure 7 shows the evolution of shipments and megawatts for type of fuel cell. It is
interesting to highlight that PEMFC has been the most used type of fuel cell since
2009 and that in terms of megawatt produced the use of MCFC and SOFC has been

increased in the last years.

2.2.1 Polymer electrolyte membrane or proton exchange membrane fuel
cells (PEMFC)

PEMFC use a thin proton conductive polymer membrane as the electrolyte and the
operating temperature is usually between 60°C and 80 °C. They are the most popular
and versatile of all the types of fuel cells existing in the market. Systems can range
from watt-scale up to MW stationary power generators. PEMFC can be used to power
cars or busses, for backup power devices and for residential micro-CHP systems. Due
to their popularity there have been strong efforts in their research reducing the costs

and increasing the life time. (U.S. Department of Energy, 2011)

The automotive industry uses PEMFC technology and consequently the development
of this technology is strongly affected by the results obtained in this sector.
Component suppliers to the PEMFC markets are focusing their efforts in providing
more automated solutions for the fuel cells. For example the company Tanaka is
increasing its capacity to meet the future demand of catalyst demand for the also

increasing micro-CHP sector.
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Platinum is the main component used as a catalyst for PEMFC and its cost and
scarcity has been identified as the main problem for a larger scale production of fuel
cells. For this reason, a substitute catalyst is currently being researched by the main
fuel cell companies. One of the alternatives is base metal or graphene-based systems
which can operate either with hydrogen or with reformed natural gas or methanol.
Another potential alternative is the one proposed by ACAL Energy, which replaced
the cathode side of the fuel cell with a system similar to a redox flow battery. In this
case there is no need of platinum in the cathode side of the fuel cell, but it is still used
it in the anode side. The reduction of platinum loading with this technology is about
80%. If ACAL’s technology can be proven commercially it can be a viable option to
reduce the platinum loading which is nowadays identified as one of the main issues of
PEMFC production. (Fuel Cell Today, 2013)

2.2.2 Molten carbonate fuel cells (MCFC)

The electrolyte of the MCFC is composed by a combination of alkali (Li, Na, K)
carbonates, which is retained in a ceramic matrix of LiAIO2. The operating
temperatures are between 600°C and 700°C. MCFC are in a research stage for large
scale stationary power generation for industrial and military applications. Due to their
high operating temperature they do not require an external reformer to convert the
fuel into hydrogen and they can operate without a precious metal as a catalyst. When
the heat produced at the fuel cell is used to create steam to run a turbine to produce
electricity, the overall efficiency of the system can be as high as 85%. However, the
high operating temperature accelerates its components corrosion and breakdown
reducing the system’s life. (U.S. Department of Energy, 2011)

The only commercial developer of MCFC is the US company FuelCell Energy, which
is producing 300 kw, 1.4 MW and 2.8 MW stationary systems. Apart from the US
market, currently they are experiment a growth in the market of the Democratic
Republic of Korea. Another development related to MCFC is the DOE funded project
aimed to capture the CO, emissions from a coal power station to supply the fuel cell
in order to mitigate the environmental impact of the fossil-fuelled power plants. (Fuel
Cell Today, 2013)

20



2.2.3 Solid Oxide Fuel Cells (SOFC)

SOFC use a solid, usually Y203-stabilized ZrO2 (YSZ), as the electrolyte. The
operating temperatures are between 800°C and 1000°C. Like in the MCFC this type of
fuel cells are in the research stage and their high temperature allows the non-
utilization of precious metals as a catalyst, they do not need external fuel reformer and
the efficiency is increased when the heat is used to produce electricity. They can also
tolerate higher levels of sulphur than other types of fuel cells and this is why they can

use gases made from coal. (U.S. Department of Energy, 2011)

One of the main companies developing SOFC is Bloom Energy which has been
concentrating its efforts on the domestic market finding customers from the US who
have a favourable incentive programs for fuel cells. The company has also received
funding from the German utility E.ON, which is trying to introduce fuel cells in the
European market. In Japan, Mitsubishi Heavy Industries is developing a SOFC
system combined with a cycle gas turbine and is expecting to install hundreds of
megawatts of power generation at efficiencies higher than 70%. (Fuel Cell Today,
2013)

2.2.4 Phosphoric Acid Fuel Cells (PAFC)

PAFC use concentrated phosphoric acid as the electrolyte. The operating temperatures
are between 150°C and 220°C. They are 85% efficient when used for co-generation of
electricity and heat. They are also less powerful than other fuel cells for the same size
and weight; therefore, they are commonly used for stationary power generation or for
big vehicles such as busses. Like the PEMFC, they need to use platinum as a catalyst
which makes them expensive. (U.S. Department of Energy, 2011)

PAFC are considered as the first generation of modern fuel cells, and are almost in a
commercial stage for stationary electricity generation and hundreds of units have been
installed over the world. The leading company producing PAFC fuel cells has been
for many years United Technologies Corp (UTC), recently acquired by ClearEdge
Power (CEP). CEP has recently launched to the market (April 2014) two improved
PAFC in two sizes: 5kW and 400kW. Fuji Electric is also developing a unit of 100
kW which is aiming to install at a number of its factories across Japan. (ClearEdge
Power, 2014)
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2.2.5 Alkaline Fuel Cells (AFC)

AFC use concentrated KOH as the electrolyte. The operating temperatures are
between 120 °C and 250 °C. AFC and have been able to demonstrate efficiencies up
to 60% in space applications. However, the fuel cell can be easy poisoned if CO; is
present either in the fuel or the oxidant even in small amounts, making it necessary to
purify both the hydrogen and the oxygen used and increasing the operation cost.
Improvements in this type of fuel cells have increased the life up to 8,000 operating
hours, however to be economically viable the life of the fuel cell should be increased
up to more than 40,000 hours. (U.S. Department of Energy, 2011)

The development of the AFC is dominated by the UK-based company AFC Energy.
The company is focussing its efforts on enlarging the life span of the fuel cell, which
has increased from 3 to 12 months, and on increasing the power generation efficiency.
The first commercial system will be sized at 250 kW and is being tested at the chlor-
alkali facility of Industrial Chemicals Limited. (Fuel Cell Today, 2013)

2.3 Current applications of fuel cells CHP systems

Fuel cells can be applied for transport, stationary and portable energy generation.
From all these applications, the stationary generation is the most used, finding
applications across all scales: from micro-scale CHP systems for residential use, to
off-grid back-up power systems providing uninterruptible power supplies for critical
infrastructure, to prime power for buildings and even to megawatt-scale power
stations. (Fuel Cell Today, 2013)
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Figure 8: Shipments and Megawatts by Application. Source: Fuel Cell Today, 2013

In this section there have been analysed the fuel cell CHP systems avaliable in the
market and the principal companies manufacturing them along with the technical
specifications of representative models and they have been classified by their power

output. There have been also described installed systems in the UK.

2.3.1 Fuel cell Micro CHP systems (<1kW)

Since 2009, the Japanese government has supported the fuel cell micro-CHP system
through the Ene.farm program, providing subsidies to reduce the cost to the
consumers. The subsides have been reduced since 2009 and the prevision is to remove
them completely by 2015 as they expect that fuel cell unites will be cost-competitive

by their own.

Two types of fuel cells are used for micro-CHP systems: PEMFC (80% used) and
SOFC (20% used). PEMFC are able to switch of at night and operate at rated power
during the day. SOFC units have a higher maximum efficiency but they need to
operate continuously, so at night the efficiency is slightly scarified. In the case of
PEMFC the cost of the unit has been reduced with a significant reduction of the
platinum content. The durability of the fuel cell has also been increased up to 60,000
hours, which equals to an estimate life of 10-15 years if the unit is shut down during
the night. (Institution of Mechanical Engineers, 2014)

Companies such as Tokyo Gas, Panasonic, Toyota and Toshiba are developing the

technology usually sold at a rated power of 700-750W with a total efficiency from 80
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% to 90 %. Japan installed about 50,000 micro-CHP units in 2013 and aims to have
sold 1.4 million units by 2020 and 5.3 million by 2030. (Fuel Cell Today, 2013)
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Figure 9: Ene.farm Scheme. Installed units per year, subsidy per unit. Source: Fuel Cell Today, 2013

In 2013, the ene.field project, funded by the EU and some private partners, was
launched with the objective of installing 1,000 residential micro-CHP in five years in
different locations across Europe. In Germany, the Callux program is installing 800
residential micro-CHP in 2014 and it is funded by the German government and nine
partners from the industry. In Denmark, the Danish Micro Combined Heat and Power
is also deploying fuel cells between 2010 and 2014. In UK there are some small
projects also testing fuel cells such as the SOFT-PACK project and the AIMC4
project. (Curtin , et al., 2013) Recently Panasonic and the German company
Viessmann started to sell a fuel cell system in Europe with the following

characteristics:

m Main specifications

1. Features a co-generation system providing household power generation
and home heating/ water heating using gas. The system realizes a
reduction in CO2 by 80 percent compared to the separate production of
power and heat.

2. Consists of a simple design comprising a water tank and backup baoiler
unit and a fuel cell unit, which is perfectly suited to indoor installation in the
basement or utility room of German households

3. Remote operation and access to the latest power generation data and
maintenance information enabled through the use of a smartphone or tablet

Main specifications of the Fuel Cell Systam

[Power output] 750V (Rating constant contral)

[Thermal output] 1000

[Electrical connection] AC230Y - 50Hz
= [Poweer generation efficiency] 37 %(LHW)

[Combined efficiency] 90%(LHY)

[Operating time] 60 000 hours {Start up-shut dowin: 4,000 times)

[Boiler output] 19k

[Lifespan] Stack 10 years, Cwerall unit 20 years

[Dimensions] Fuel cell unit H167 0mm x Wa430mm x D475mm,

Boiler & Tank Unit H1950 mm W 600 mm x DE00mm

= [Weight] Fuel cell unit 125 kg, Boiler and Tank unit 170 kg

Figure 10: Specifications of a Panasonic 750W fuel cell. Source: Panasonic, 2014
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2.3.2 Low power fuel cell CHP systems (5kW)

5kW CHP fuel cell systems have been developed by two US-based companies
ClearEdge Power and Plug Power. ClearEdge Power has been selling residential CHP
systems for several years and installing them mainly in California for commercial
buildings. The units use natural gas as fuel and they can operate either independently
or in parallel with the main grid. Plug Power has been installed fuel cell CHP systems
since 2002 for residential and operational facilities at the US Army Research Centre.
The systems can operate for a total of 80,000 hours and their plan is to reduce the cost
to $ 1000/kW, which would make them competitive with diesel generators and micro
turbines. (Curtin , et al., 2013) Figure 11 shows the technical Characteristics of the
Plug Power PEMFC CHP plant:

Some Technical and Operating Characteristics of Plug-Power PEMFC Power

Plant*
Coentinuous power rating 5 kKWe (2 KWth)
Power cutput 255 kWe (30 KWih)
Power quality IEEE 512
Voltage and frequency 1207240V, 60 Hz
Fuel Natural Gas
Emissicns < 1 ppm NOy, <1 ppm 30
Sound profile Conversational level (60 dBA at 10 meters)
acceptable for ndoor installation

Operating:

temperature —18 °C through 40 °C

elevation 0 mthrough 1,800 m

installation Cutdoor

electrical connection Grid parallel
Physical characteristics Dimensiens: 2.1 x 0.8 x 1.7 mefers

Figure 11: Specifications of Plug-PowerFC Power plant. Source: Srinivasan, 2006

2.3.3 High power fuel cell CHP systems (20kW — 10MW)

The market for high power CHP fuel cells is mainly situated in US and since the last
years in Korea and their production is dominated by three US-based companies:

FuelCell Energy, Bloom Energy and ClearEdge Power.

ClearEdge Power (ex-UTC Power Energy) designed the 200 kW PAFC power plant
which was the first of all types of fuel cell to reach the commercialization stage for
combined heat and power. The company has installed over 500 units and is positioned
as the most experienced innovator in the fuel cell industry. In 2014, the company
launched an improved 400 kwW PAFC CHP unit. (ClearEdge Power, 2014)

Figure 12 shows the specifications of a 200 kW power plant:
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TABLE 10.1
Some Specification and Operational Performance Characteristics of UTC Fuel
Cells 250-kW PC-25 Power Plant*
Rated electrical capacity  2pp kW /235 kVA

Voltage and frequency 480/227 V', 60 Hz, 3 phases
400/230 V, 50 Hz, 3 phases

Fuel consumption Natural gas: 221 liter/min
Efficiency (LHV basis) 87% total: 37% electrical, 30% thermal
Emissions <2 ppmyv CO, < lppmv NO,, negligible 50,

{on 13% O dry basis)
Thermal energy available: 2,638 W @ 60°C

standard: 131,200 W (@ 60 °C
high heat optiens: 131200 W @ 120°C
Sound Profile Cenversational level (60 dBA at 10 meters) acceptable for
indeer installation
Modular power Flexible to meet redundancy requirements as well as future

growth in power requirements

Flexible siting opticns Indeer or cutdeer installation
Small foot print

Power module Dimensions 3 x 3 x 3.5 meters
Weight 18,000 kg

Ceoling medule Dimensicns 12 x4.2x 1.2 meters
Weight 770 ke

Figure 12: Specifications of UTC fuel cells 250 kW power plant. Source: Srinivasan, 2006

Bloom Energy is producing a SOFC 200 kW unit and is progressing in the US market
with limited orders. (Fuel Cell Today, 2013)

FuelCell Energy is probably the most successful company producing fuel cells to
date. The company is increasing its production in US and at the same time is entering
into the Korean market since 2014. They have installed the biggest fuel cell power
station in Connecticut with 14.9 MW power. The technology used was invented by
the company and it is called direct fuel cell (DFC), in which the fuel is reformed in
the cathode chamber using a catalyst on the backside of the electrode. In the DFC the
cell stacks and the reformer are together and the electrical efficiency of the system is
enhanced. (FuelCell Energy, 2013) Annex A shows the technical specifications of a
1.2 MW DFC power plant.

The company Ballard is also producing a 250-kW PEMFC Power Plant. Although the
major activity of Ballard is focused on the electric vehicles, since 1994 they have
been developing a CHP system based on the same type of fuel cell used for electric
vehicles. The efficiency reached by this system is 34% for electric power generation
and 42% for heat generation. (Srinivasan, 2006)
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2.3.4 Installed fuel cell CHP systems in the UK

In Woking Park there was installed the first fuel cell CHP system of the UK in
December 2002. The system installed is a 200 kW fuel cell which provides power,
heating and cooling to the leisure centre. Although the cost of the system was very
high, it achieved a very good environmental performance according to the programme
CHPQA explained later. (Woking Borough Council, 2007)

The company Logan Energy based in Edinburgh and established in 1995 has installed
some fuel cell CHP systems for commercial buildings. One example is a PAFC
200kW manufactured by UTC which operates on natural gas and provides power and
heat for an SSE’s customer service centre. The fuel cell provides two thermal energy
streams which are used to drive a 90kW absorption chiller and to supply the heating
demand. Another example is a similar system installed at the Palestra building in
London. The results of the system have been analysed obtaining: 20% reduction of
carbon emission compared to the grid supplied electrical energy, saving
approximately 400 tons of CO, pa and annual saving in energy costs about £53,000.
(Logan Energy, 2011)

2.4 CHP Standards

CHPQA Good Quality CHP standards measure how efficient is a CHP system on a
Quality Index (QI). The QI measures the overall efficiency of the CHP and the level
of primary energy saving that it can deliver compared to alternative forms of separate

heat and power generation. (Carbon trust, 2010)
The QI is calculated with the following formula:
QI= X: nelec + Y- nheat

The X and Y values depend on the CHP fuel, technology and size; their values are
detailed in the Annex B. Fuel cells are considered a special case and for all types and
sizes of fuel cells and the values are: X=180 and Y+120. Knowing the electrical and
thermal efficiencies of fuel cell systems it is possible to determine the QI. For

example, for the cases described above the QI are:
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Table 1: Quality Index Results

Fuel cell system n elect n heating Ql
700 W Panasonic Vitovalor 300-P 37% 53% 130.2
250 KW UCT fuel cell PC-25 37% 50% 126.6

In all cases the QI index obtained by the fuel cells is high as a QI index above 100 is
considered a good QI, and it only depends on the efficiencies which in all types of
fuel cells are higher than conventional CHP systems. The financial subsides
applicable to the CHP installations are higher when the QI is higher.

2.5 Future integration of fuel cells with renewable energy systems

The capacity to integrate fuel cells with renewable energy systems has also been
analysed in this dissertation. One drawback of the renewable energy generation
systems is their variability: wind is usually blowing intermittently and solar power is
only available during daytime. For this reason, if a system wants to be designed to
rely only on renewable energy systems it has to be over-sized to take into account this
factor, or it has to rely on back-up systems which are usually based on fossil fuels. In
a higher scale, natural gas and other fossil fuels are used to compensate the supply and
the demand of electricity. If in the future, renewable energy systems replace fossil
fuel generation systems, a technology to balance the generation to match the demand
has to be developed. One solution is to store the excess of renewable energy during
times of plenty to use it when sufficient energy is not available. However, the storage
of electrify in large scale conventional batteries or other technologies is a difficult

task. Hydrogen can be a solution for this future problem. (Fuel Cell Today, 2012)

2.5.1 Storage of electricity as hydrogen

To transform the excess of electricity into hydrogen an electrolyser is required. An
electrolyser cell is like a fuel cell run in reverse, using electricity to produce
hydrogen. Two commercial electrolyser types can be found in the market: proton
exchange membrane and alkaline. The principal drawback of current commercial

electrolysers systems is that they may be too small to take advantage of the potential

28



high volume of electrify produced by wind. (National Renewable Energy Laboraory,
2004)

The hydrogen generated by the electrolyser is stored in tanks at high pressure.
Hydrogen is a widely used industrial gas with a well-developed set of codes and
standards for its storage. However, large storage systems are required in integrated
renewable energy systems, therefore the pressure at which the hydrogen stored is
increased to reduce the size of the storage tanks; some applications can use pressure
levels up to 875 bar. This higher pressure requires additional testing and certification
of high-pressure vessels. (Lipman, 2011)

Figure 13 is a schematic representation of how fuel cells can be integrated with
renewable energy systems in the future. Hydrogen can also be obtained from biomass
and can be used for transport or it can be injected in the natural gas grid.

Hydrogen
Storage

Fuelling Station

Biomass

Electrolyser

RERR IE
| —
Fuel Cell
Renewables:
Wind, Solar, 2 Fuelling Station
Hydra, @ Electrolyser
Geothermal
Short-Term ;
Energy Storage o
Hydrogen Electricity
Grid

Figure 13: Integration of fuel cell with renewable energy systems. Source: Fuel Cell Today, 2012

2.5.2 Case studies

There are some experimental projects trying to evaluate the performance of integrated

hydrogen and renewable energy systems.

In Germany, there was opened a hydrogen-power plant on October 2011 which is
primarily a 6 MW wind power plant. When more wind power is available than
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required, the electrolysers generate hydrogen which is stored on site. The hydrogen
can be also mixed with biogas and used in the cogeneration power plants, which
produce electricity when no wind is available; the heat is fed into a district heating
network, increasing the efficiency of the hybrid power plant. (Carter, 2012)

In the French island of Corsica, in the Mediterranean Sea there is installed the project
Mission hYdrogen & Renewable for the inTegration on the Electrical grid (MYRTE),
which combines solar power with electrolysers, hydrogen and storage fuel cells. PV
panels can provide energy during the day but, using the electrolyser and hydrogen
energy storage, excess of electricity can be stored and returned when required, for
example during the night. The initial plan of the project is to prove the concept, but
there are future plans to integrate the energy system housing electrolysers, fuel cells,
fuel storage and heat management systems inside a standard container. (Fuel Cell
Today, 2012)

The hydrogen office at Methil consists in a building powered by wind energy and a
hydrogen energy system. The system includes a 750 kW wind turbine, 30 kW
electrolyser, 10 kW hydrogen fuel cell and a geothermal source heat pump. It also
uses a 5 KW hydrogen boiler and a public electric vehicle charging station. The
project uses the excess of energy from the wind turbines to create hydrogen, store it
and use it when no wind is available. Heating is supplied by a heat pump in the
building. (Bright Green Hydrogen, 2014)

All these examples aim to demonstrate the potential integration of hydrogen and
renewable energy systems to rely less on fossil fuels and reduce the emissions of CO,.
Although, all these projects are for research purposes, they are contributing to the

technology development and probably their number will increase in the coming years.

3 Fuel cell CHP simulation tools analysis

In order to understand the performance of the fuel cell CHP systems different sizing
recommendations and energy simulations tools have been analysed in this section.
The Chartered Institution of Building Services Engineers (CIBSE) recommendations
have been used to comprehend different sizing strategies and their advantages and
drawbacks. Tools such as the CHP Site Assessment tool, the Simplified Building
Energy Model (SBEM) and ESP-r have been analysed regarding their potential to
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simulate fuel cells in order to obtain the adequate results to analyse their performance

and calculate the environmental and economic impact of the system.
3.1 CIBSE CHP sizing guide

CIBSE recommendations (CIBSE, 2013) have been analysed with the purpose of
understanding how a CHP system has to be designed. CIBSE is an international
Chartered Institution of Building Services Engineers based in London which
publishes several guides for building services design recommendations and standards.
Although the guide developed by CIBSE is referred to conventional CHP systems, the
principles can be applied also to fuel cell CHP systems.

The relevant information for this dissertation can be found in the chapter 4.4
Principles of CHP sizing of the CIBSE guide. The first recommendation suggests that
the CHP system should be sized according to the heating and hot water demand.
There are three strategies which define how the CHP system is operate and the
percentage of the heating demand that is supplied by the CHP system. Figure 14

represents the three strategies defined:
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Figure 14: CHP sizing strategies

When the CHP is designed to meet the base load, it runs at rated power during all the
year and results in a smaller CHP. Therefore, the payback period of the installation is
short but the influence to the overall cost of energy supply is low. An On/Off sizing
strategy allows installing a bigger size CHP system which is completely turned off
when the heating demand is low. In this case the payback period is longer but the cost
of the heating supply is considerably reduced. When applying a part-load strategy the
heating demand supplied by the CHP system is increased in relation to its size.
However, the efficiency of the system is reduced when the CHP system is not
operating at its rated power and the maintenance costs are increased as they usually

depend on running hours and not on the heat or electricity generated.
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The three different sizing strategies can be evaluated, according to CIBSE

recommendations, through two criteria:

1. Economic aspects: calculation such as internal rate return, net present
value or payback period should be carried out to determine the cost or the

savings of each proposed design.

2. CO, saving: CO, emission of each option should be compared in order to

determine its environmental impact.

To carry out an economical and environmental analysis there is some data which has

to be collected or calculated.

e Heating and power demand of the case study.

e Fuel and electricity prices.

e Operation of the CHP: heating and electrical output, fuel consumption.
e Cost of the CHP system.

To determine all these values the system has to be designed and sized using
simulation tools. In the following sections of this dissertation there have been

analysed different existing tools and their potential to simulate fuel cell CHP systems.
3.2 CHP Site Assessment Tool

The first tool analysed is the CHP Site Assessment Tool. This tools is developed by
the UK’s Department of Energy & Climate Change (DECC) which works to make
sure that UK has secure, clean, affordable energy supplies and promote international
action to mitigate climate change. (UK Government, 2014)

This tool gives an indicative assessment and potential options for installing CHP
systems on a particular site. It is a simple tool which gives the 5 best options for the

site analysed and shows:

CHP capacity.
Capital cost.
Payback period.
Net Present Value.

Cost Saving.

o a ~ wbdhE

Primary energy savings.
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A simulation has been carried out to analyse the results given by this tool than can be
useful for the objective of this dissertation. The Annex C shows the CHP systems
proposed by the tool and the monthly electrical and heating demand of the case
studied. This tool is not a sizing tool and all the CHP systems recommended are based
on reciprocated engine (not fuel cells). However, it can be used to have an
approximate idea of the ranges of sizes of fuel cell that can be analysed in more detail
in dynamic analysis and an approximate value of the heat and electricity generated the
economic costs and the CO, emissions.

In conclusion the CHP Site Assessment Tool can be used to have an idea of the
appropriate size of a CHP system for a given site. After analysing this tool it has been
detected the necessity of a more powerful simulation tool in order to analyse the real

performance of a fuel cell and its economic and environmental impact.
3.3 Simplified Building Energy Model (SBEM)

The second software tool analysed is the SBEM, developed by the Building Research
Establishment (BRE). This tool provides an analysis of the building’s energy
performance to determine the CO, emission rates in compliance with the UK
building’s regulations and to generate Energy Performance Certificates for

commercial buildings. (BRE, 2014)

In this dissertation, it has been used the version 4.1 of iISBEM (user interface of
SBEM), as it is the version that has to be used for the Scottish building’s regulation.
Using an exemplar provided by the software as a baseline, it has been added a
conventional CHP system and a fuel cell CHP system. In SBEM the CHP system can
be configured according to the electrical and thermal efficiencies, the quality index
and the percentage of heating demand supplied by the CHP system. To simulate a
conventional CHP system the thermal efficiency has been set up at 45% and the
electrical efficiency at 25% and the Quality Index at 100 which can be considered as
standard values for a conventional CHP system. (Carbon trust, 2010) To simulate the
fuel cell CHP system the heating efficiency has been set up at 50% and the electrical
efficiency at 37%. These values are defined by the 200kwW UTC fuel cell CHP plant
described before. In both cases the percentage of heating demand supplied by the
CHP system is 70%. The results for the three systems analysed are (Detailed results

are shown in the Annex D):
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Table 2;: SBEM analysis results

Baseline Conv. CHP Fuel cell CHP
Building CO2 emission rate (Kg CO2/m2.annum) 58 55 49
Heating Energy Consumption (kWh/m2.annum) 67 112 94
Electricity produced by CHP (kwh/m2.annum) 0 23 27
Electrical Demand (kWh/m2.annum) 378 357 325

Results show that CO, emissions are reduced with a conventional CHP system and
they are even more reduced with a fuel cell CHP system as the efficiency of the
system is higher. However, as in a fuel cell the conversion of energy takes place
through an electrochemical process, the emissions of other ait pollutants (NOy, SO,
and CO) are significantly reduced. In fact the emission of NOy can be considered
negligible. As fuel cells are not totally represented in SBEM calculations, these
reductions in the emissions are not taken into account in the calculations. (ClearEdge
Power, 2014)

The other output of the tool is the heating and electricity consumption. From the
results it is possible to see that the energy consumption is increased when a CHP
system is installed. This is because SBEM takes into account the amount of fuel
consumed by the heating system. In the case of the CHP system the fuel used is
producing heat and power and for this reason the fuel consumption is higher. The total
electrical demand of the building is reduced as part of it is directly supplied from the
CHP system. In this case, the values are correct for a fuel cell as they depend on the
efficiencies which are an input of the tool.

As explained before, the criteria to analyse different options of fuel cells is based on
the environmental and the economic aspects. Using SBEM, the CO, emissions of fuel
cells can be calculated but the reduction of emissions of other pollutants is not
considered. The economical saving can be calculated comparing the cost of the fuel
consumption (increased when a CHP system is installed) with the cost of the
electricity (reduced when a CHP system is installed). However, one of the inputs used
for the SBEM calculations is the percentage of heating demand supplied by the CHP
system. In this case the value for all the calculations has been estimated at 70%, but

its real value has to be calculated. Therefore, it can be concluded that SBEM can be
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used to calculate the energy performance of CHP systems but it requires some input
data which depend on the design and size of the components; and has to be calculated

with a dynamic simulation analysis using a more powerful tool.
3.4 ESP-r

ESP-r has been analysed in this dissertation to determine its potential to carry out
dynamic simulations of fuel cells CHP systems in buildings and determine their

performance.

The ESP-r tool is developed by the University of Strathclyde Energy System Research
Unit (ESRU). It is an integrated modelling tool which can be used to simulate
thermal, visual and acoustic performance of buildings. It analyses the energy use and
the associated gaseous emission to determine their environmental impact. The tool is
able to assess the heat, air, moisture, light and electrical power flow based on the
user’s specifications. (ESRU, 2007)

ESP-r allows the user to define a building geometry with its associated zones. It is
possible to specify all the characteristics of the zones according to their construction
details such as U values or glazing types, the internal gains generated by the
occupancy or the appliances, the climate conditions according to the location of the
building. All the plant components associated to the building can be defined
specifying the heating and cooling systems, the ventilation, the lighting and it is
possible to install renewable energy generation systems like a PV panel. The controls
of all the plant components can be set up controlling the conditions which want to be
achieved inside the building and the operating hours of the systems. Results show
dynamic analysis of any of the components of the system and their operating
conditions. It can be analysed the energy demand (fuel and electricity) and the zone’s

environment quality.

For its functionality, ESP-r can be considered a relatively similar tool than the
commercial IES. The main difference is that ESP-r is mainly used for the academic
purposes. For this reason, ESP-r has a larger amount of components developed, even
if they do not exist in a commercial stage. This is the case of fuel cells which are not
developed for IES but they have already been developed in ESP-r. This is the reason
why ESP-r is used to carry out the simulations in this dissertation. Although the

potential of ESP-r is higher than the potential of IES, it is also a more complex tool to
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use. Its constant development involves, sometimes, a lack of information of its
functionalities and the users’ guides for the new developments are usually not created.
For this reason, the first stage of this dissertation when using ESP-r has been to carry
out a detailed analysis of the fuel cell potential and a set of simulations to ensure that

the results obtained where correct.

3.4.1 Fuel cells in ESP-r

Bearing in mind that the objective of the utilization of ESP-r in this dissertation is to
analyse the performance of fuel cells in buildings, an analysis of the fuel cell
components already developed in ESP-r has been carried out. There have been also

analysed available exemplars using fuel cell CHP systems.

3.4.1.1 Available Fuel cell component models in ESP-r

Fuel cell components available in ESP-r can be found in the component’s database of
ESP-r. The characteristics detailed for each component are the description, number of
nodes and all the variables related to the component with their default value and their
accepted range of values. Table 3 shows all the fuel cell components found in the

database.
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Table 3: ESP-r fuel cell components

Type Description Insertion date | No. of nodes

fuel cell three node description of a 8 Aug 01 3
residential fuel cell

PEM CHP fuel cell system | PEM fuel cell system supplying 12 Apr 02 1
WCH loop; 1 node model

2-node PEM hydrogen Empirical PEM hydrogen 18 Jan 05 2

fuel cell model cogeneration fuel cell

3-node residential SOFC three node description of a 8 Aug 01 3

with 2 connections residential fuel cell

3-node residential SOFC three node description of a 8 Aug 01 3

with 2 connections residential fuel cell

14-node FC-cogeneration IEA/ECBCS Annex 42 FC- 24 Mar 05 12

model cogeneration model

The information detailed in the table above, is all the information that can be collected
directly from the database of ESP-r for the fuel cell components. They can be
installed as plant components for a model to analyse its performance. When they have
more than 1 node, the model must be better understood. This can be done through the

information detailed in the source code of ESP-r.

From the fuel cells types available in ESP-r, the one selected to use for this
dissertation is the “PEM CHP fuel cell system”. This type of fuel cell has been
selected to carry out the simulations because it can represent a PEM fuel cell type,
which is the most used type of fuel cell in the industry. Moreover, it has been recently
used in a model developed by a former student with good results obtained as
explained later. Even though this type of fuel cell has only one node and is more
simple than other available in ESP-r, it is still a good model, which has an accurate
level of detail and can proportionate interesting results for this dissertation. The
following table shows its description, the variables that can be configured and the

results that can be obtained.
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Table 4: Fuel cell component description, variables and outputs

Component Description

Generic type : PEM CHP fuel cell system

Description: PEM fuel cell system supplying WCH loop; 1 node model

Insertion date : 12 Apr 02 15:55

Nodal Scheme Description

Number of nodes : 1 No of nonzero matrix elements : 1

Node connections : 1,

Variables: Value Min Max
1 Fuel type (1=methane, 3=methanol) 1 3
2 Nominal rated output (W, electrical); Value = 5000.0; 5000 0 5000
Range (Min Max):0.0000 2000.0
3 Turn-down ratio (-) 0.1
4 Electrochemical efficiency at rated output (-) 0.47 0.0000 1
5 Activation polarization (-) 0 0.5
6 Power conditioning efficiency (-) 0.92 0.85 1
7 Reformer thermal loss coefficient (W/deg C) 0 0 0.3
8 Fuel cell stack thermal loss coefficient (W/deg C) 0 0 40
9 HTWS thermal loss coefficient (W/deg C) 0 0 0.3
10 LTWS thermal loss coefficient (W/deg C) 0 0 0.3
11 PROX thermal loss coefficient (W/deg C) 0 0 0.3
12 H2 Burner thermal efficiency (-) 1 0.8 1
13 Auxiliary burner efficiency (-) 0.95 0.8 1
14 Air compressor isentropic efficiency (-) 0.76 0.5 1
15 Natural gas compressor isentropic efficiency (-) 0.76 1
16 Pump efficiency (-) 1 1
17 Electric motor efficiency (-) 0.92 0.5 1
18 Evaporative cooling system performance (COP) 18.6 5 30
19 Reformer fuel utilization (-) 0.8 1
20 Stack fuel utilization (-) 0.6 1
21 Auxiliary burner fuel utilization (-) 1 0.9 1
22 Hydrogen burner fuel utilization (-) 0 1
23 Steam-to-carbon ratio (#H20:#C) 4
24 Cathode excess air ratio (-) 2 1 4
25 PROX excess air ratio (-) 2 1 4
26 Auxiliary burner excess air ratio (-) 1.1 1 2
27 Hydrogen burner excess air ratio (-) 11 1 2
28 Reformer shift percentage (-) 0.47 1
29 HTWS shift percentage (-) 0.84 0 1
30 LTWS shift fraction (-) 0.84 0 1
31 PROX shift fraction (-) 1 0 1
32 Reformer inlet temperature (deg C) 750 500 900
33 HTWS inlet temperature (deg C) 430 350 550
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34 LTWS inlet temperature (deg C) 230 200 300
35 PROX inlet temperature (deg C) 130 100 300
36 Stack operating temperature (deg C) 80 60 100
37 Process heat recovery minimum temperature. (deg C) 50 0 200
38 Space heat recovery minimum temperature (deg C): 0 20
39 Ambient temperature (deg C) 20 -20 50
40 Compressor outlet pressures (kPa) 110 101.32 600
41 Anode operating pressure (kPa) 110 101.32 600

Additional output variables:

1 Fuel consumption (kg/s)

2 Gross electrical output (kW)

3 Net electrical output (kW)

4 Thermal production (kW)

5 Electrical efficiency (-)

6 Thermal efficiency (-)

7 Overall efficiency (-)

Table 4 shows that the fuel cell can be configured in detail. The values for variables
such as fuel type, rated output, electrochemical efficiency and stack operating
temperature can be changed according to the technical specification of the fuel cell
that is represented. Outputs such as fuel consumption and thermal and electrical
production of the fuel cell can be also obtained. These outputs are necessary for the

final results obtained in this dissertation.

3.4.1.2 Available Building and Plant models with fuel cells in ESP-r

From all the exemplars available in ESP-r, there are none using fuel cells. However,
using the ESP-r users’ mail list it has been discovered that there are two tester
exemplars available that contain fuel cells. This exemplars where developed in the
Final Report of Annex 42 of the International Energy Agency’s Energy Conservation
in Buildings and Community Systems Programme. (Her Majesty the Queen in Right
of Canada, 2008)

The two tester models “plt pre A42 PEMFC_model” and
“plt pre A42 SOFC model” contain a 1.5 kW PEMFC and a 3kW SOFC
respectively. However, the model available has been prepared to analyse the electrical
performance of the fuel cell but not the thermal performance. Therefore, to analyse
the thermal performance of the fuel cell some changes in the model have to be
applied.
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Another model analysed in this dissertation is a model developed by a former student
of the University of Strathclyde. This model is made from two exemplars available in
ESP-r: a CHP exemplar and a wet central heating exemplar. Both models are put
together resulting in a model composed by a zone, which can represent a living room
or an office, where the heating demand is supplied by a wet central heating radiator.
The hot water is supplied to the radiator from a hot water storage tank. A fuel cell
CHP unit is providing the hot water to the storage tank. This was considered as a very
interesting model for this dissertation as it can provide information of the performance
of a fuel cell CHP unit for different size of fuel cells and storage tanks. However, the

firsts simulations carried out using this model detected some problems:

1. The temperature in the zone was not properly controlled. It was detected
that in some specific periods the heating system was heating the zone even

if the temperature was above the setting point of 22 °C.

2. Increasing the fuel cell size was not producing any difference in the total

heat supplied to the zone.

The first problem was solved changing the control settings of the model. The new
control was set up to run the pump that connects the water storage tank to the radiator
when the temperature of the zone drops below 21 °C and to stop it when the

temperature is higher than 23 °C.

Regarding the second problem described, it was detected that the flow of the pumps
defined in the system was too small and therefore the heat which was transferred from
the fuel cell to the water storage tank was not increased when the size of the fuel cell

was increased.

After solving the problems detected, this model has been considered as the best one
for this dissertation and it has been used as a baseline in the next simulations carried

out.
3.5 Conclusions of the simulation tools analysis

From the tool analysis carried out in this section it has been determined that a
dynamic simulation tool such as ESP-r is needed to represent the performance of a
fuel cell CHP system. The CHP Site Assessment Tool can be used to calculate the

appropriate CHP system size for a given scenario, but all the results are based on
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conventional CHP systems. SBEM can be used to calculate CO, emissions and
demands of the system but the inputs required depend on the design of the system and
its performance. ESP-r has the capacity to simulate dynamically the performance of
fuel cells and for this reason it has been considered for subsequent analysis. For the
simulations it has been considered a model composed by a room where the heat is
supplied by a CHP system. The CHP system is composed by a 1 node fuel cell. Even
though there are more complex fuel cells available in ESP-r, the 1 node component
was selected for this dissertation because it can represent a PEM fuel cell which is the
most used type of fuel cell and it has a high level of detail in the variables that can be

configured and the results that can be obtained.

4 ESP-r simulations

In this section there is described the model used for ESP-r simulations, its components
and control systems. There are also described the results obtained for the scenarios
proposed and an analysis of the environmental and economic impact of the system is

carried out.

The fuel cell selected for the simulations is a 5 kW PEMFC. This represents an
existing commercial fuel cell which uses a PEM fuel cell; the most used type of fuel
cell in the market. For this fuel cell, there have been determined the scenarios where it

can be used to obtain significant reductions in operating costs and CO, emissions.

Simulations have been carried out in order to analyse the performance of the system.
From this analysis it has been defined a methodology to select the best hot water
storage tank. After deciding the size of the storage tank results have been obtained:
fuel consumption, operating hours, percentage of demand supplied by the CHP and

the back-up system and electricity generated.

Finally, the results are calculated and validated to perform an environmental and

economic analysis of the system.
4.1 Description of the model

The model used is composed by a zone that represents a big office inside a building.
The heat generated by a CHP system is recovered and collected into a storage tank. A
wet central heating uses the heat stored in the tank to supply the heating demand of

the zone. In all simulations the control system is configured to maintain the zone
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within acceptable values for office activity. The parameters that have been set up in

ESP-r to carry out the simulations are explained in the following section.

4.1.1 Climate

The climate used in the simulation is the default one provided by ESP-r. This climate
corresponds to the climate of an area in England (Latitude: 52N, longitude: 0).

Variation of the ambient temperature is represented in the following graph:

Lib: PEM,res; For wch
Period: Sat-01-Jan@OOh03(2011) to Sat-31-Dec@23hG7(2011) : sim@0Gm, outputB0Gm
Zonest liwving

[ -

oo e s

Graph 1: Annual ambient temperature

From this climate data, there have been identified summer and winter days and

spring/autumn representative days. These are the periods used for the simulations.

e Summer days:

o Period: 12 Jul — 13 Jul.

0 Tmax=26.1°C ; Tmin=13.3 °C ; Trean= 19.24 °C.
e Winter days:

o Period: 8 Jan — 9 Jan.

0 Tmax=0.5°C; Tin=-6.4°C ; Trean= 2.6 °C.
e Spring/Autumn days:

o Period: 6 May — 7 May.

0 Tmax=13.3°C; Tin=6.6 °C ; Trean= 9.2 °C.

There have been also carried out simulations from the 1% of July to the 20" of July

representing the warmest period of the year.
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41.2

Plant components

Figure 15 shows a schematic representation of the components of the model:

DHW,
Pump Divert valve Living room
prisinineinny B
) H i DHS  gessesssesssissiossesseess
PEM-Unit

Radiator

2 Node
Calorifier

Figure 15: Component's schematic representation

The components represented in the figure and relevant for the current dissertation are:

4.1.3

PEM-Unit: Represents the PEM 5 kW fuel cell system developed by the
company Plug-Power (technical specifications are listed in the figure 11). It
has been used the 1 node PEM CHP fuel cell system available in ESP-r with
the electrical rated power set up at 5kW and the output temperature set up
between 60 °C and 90 °C.

PEM pump: This pump moves the water through the PEM-Unit extracting the
heat generated by it, and storing it in the hot water tank. The flow of the pump

has been set up at 1 kg/s.

Calorifier/hot water storage tank: Stores the hot water supplied by the PEM-

Unit and supplies the hot water used for heating the zone.

DHS pump: Pumps the water from the hot water tank to the radiator placed

inside the zone. The flow of the pump has been set up at 0.8 kg/s.

Radiator: Provides heating to the zone. The power output of the radiator has
been set up at 10 kW.

Control system

The entire heating system is switched on during the day (7 am to 10 pm) and switched

off during the night (10 pm to 7 am). This includes the fuel cell and the DHS pump,

which supplies the heat to the radiator.
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There are two controls set up for the model:

1. Temperature in the hot water tank. The temperature in the water tank is set up
between 40 °C and 75 °C. When the temperature is above 75 °C the PEM-Unit is
switched off and when the temperature is below 40 °C the PEM-Unit is
switched on. The purpose of this control is to maintain the temperature in the
tank below a maximum of 75 °C to prevent damage of the tank and at the same
time to switch off the fuel cell when the heat produced is not used at heat the

Zone.

2. Temperature in the office. The heating system is set up to maintain the
temperature inside the zone between 21°C and 23°C, which are the standard
values given by CIBSE recommendation for an office. (CIBSE, 2006) When
the temperature of the office is below 21°C the DHS pump is switched on and

when the temperature of the office is above 23°C the DHS pump is switched off.

4.1.4 Zones description

One of the objectives of the simulations carried out in ESP-r is to determine which
one is a good scenario to use a 5kW fuel cell. A first set of simulation have been
carried out for different sizes of offices. From the values obtained in these first
simulations; it has been detected that interesting results can be obtained for a small
office (250m?) and a large office (500m?). For smaller sizes of office it is considered
that the demand is too low for the system proposed. Conversely, for larger sizes it is
considered that the heating demand is much higher than the heating provided by the
fuel cell and therefore the impact of the CHP system for this is scenario is not

significant.

To analyse the heating demand in the office, a control which maintains the
temperature at 22 °C from 7 am to 10 pm has been set up. In this case, the heating
demand is perfect (the technology used is not relevant) and has enough power to

maintain the correct temperature in all conditions.

4.1.4.1 Small office heating demand

An analysis of the heating demand for the representative winter, summer and

spring/autumn days has been carried out:
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Summer

Lib: wch_ann,res: For wch
Period: Tue-12-JulROOhOZ(2011) to Wed-13-Jul@23hG7(2011) : =simBOEm, outputBOGm
Zonez: living
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Graph 2: Summer heating demand. 250m? office

Total heating demand during two summer days is 56.8 kWh.

Winter

Lib: wech_atn,res: For wch
Period: Sat-08-JanROOh0Z(2011) to Sun—09-Jan@23hS7(2011) ¢ =im@0Em, output@0Em
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Graph 3: Winter heating demand. 250m? office

Total heating demand during two winter days is 219.6 kWh

Spring/Autumn 123.4 kWh 30h
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Lib: wch_ann,res: For wch
Period: Fri-06-May@O0h03(2011) to Sat—07-May@Z3hG7(2011) ¢ sim@05m, outputBOSm
Zonezt living

Load kU
24,00
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|
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Time Hrs=

Graph 4: Spring/Autumn heating demand. 250m? office

Total heating demand during two spring/autumn days is 123.4 kWh.

4.1.4.2 Large office heating demand

An analysis of the heating demand for the representative winter, summer and
spring/autumn days has been carried out:

Summer

Libs weh_ann,res: For wch
Period: Tue-12-JulBOOWOZ(2011) to Wed-13-JulB2ZhS7(2011) : sim@0Em. outputBOBm
Zonez: living

Load kM
24, 8
22, E
1
_E
e 20,
m
P living db T o
; 18,
I ; B
e 16, :
S : " » K
. I
14,00 : P
P o
12,00 -
10,00 ' : | | | | ! ' ; H | | | — lliving HeatInj Ly
0 4 a 12 16 20 24 28 32 3B 40 44 48

Time Hrs
Graph 5: Summer heating demand. 500m? office

Total heating demand during two summer days is 88.8 kWh.
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Winter

Lib: wech_ann.res: For wch
Period: Sat—08-JanROOhO3(2011) to Sun—03-JanRZ3hE7(2011) @ =im@06m, outputBOGm
Zonezt living

Load kil
— 16,00
14,00
I - 12,00
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Time Hrs
Graph 6: Winter heating demand. 500m? office
Total heating demand during two winter days is 356.5 kWh
Spring/Autumn
Libt wch_ann,res: For wch
Period: Fri-0B-HMayROOhOZ(2011) to Sat-07-HayR23hG7(2011) ¢ =im@0Bm, outputB0Em
Zonest living
Load kil
24,00 = 16,00
22,00 ; = 14,00
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Graph 7: Spring/Autumn heating demand. 500m? office

Total heating demand during two spring/autumn days is 204.1 kWh.

Casual gains, infiltration, and construction specifications of the model have not been
changed to carry out the simulations. However, as all these parameters affect the

heating demand of the model, the results obtained in ESP-r simulations have been
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compared with the demands obtained in the notional building that represents an office
in SBEM. Results are detailed in the graph 8.

kWh/m2 9

7.2

54 |

3.6 |

Notional
1.8]

Actual
|

4
i I
0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Graph 8: SBEM calculated heating demand

Comparing the values it is possible to determine that the small office used in ESP-r
has approximately the same heating demand than an office of 250m? in SBEM.
Similarly, the large office used in ESP-r has approximately the same heating demand
than an office of 500m?. For this reason, in subsequent simulations the small office is
considered as a standard 250m? office and the large office is considered as a standard
500m? office. Nevertheless, the results obtained for both offices analysed are useful
for any scenario with a similar demand and the same methodology applied in this
dissertation can be applied for different scenarios to calculate the environment and

economic impact of fuel cell CHP systems.
4.2 Fuel cell CHP simulations

The simulations carried out using the model have a double objective. The first
objective is to analyse the performance of the fuel cell during the representative days
and ensure that it is not switching on and off multiple times during a day reducing the
efficiency of the system and the life of the fuel cell stack. Changing the size of the
tank can modify the performance of the fuel cell to avoid this effect. The second
objective is to determine the total heat supplied to the office, the fuel consumed by the
fuel cell and the electricity generated by the fuel cell. These simulations are carried

out for office’s size of 250m? and 500m?.
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4.2.1 250m? office’s fuel cell CHP simulations

4.2.1.1 Influence of tank sizing in system performance (250m? office)

As explained before one purpose of this simulations is to ensure that the fuel cell is
not switching on and off repeatedly during a day. At summer, when the heating
demand is lower, is when this undesired effect can occur as the fuel cell is not
operating during all day. To analyse this, a simulation of the output of the fuel cell for
the warmest period of the year has been carried out.

Pertads Fri-01-JulH0OKI3(201L) o Ved-20-JaTBZEHE7 2011 5 sind0Bn, cutputiO

4000

1000

nd other

T T T T T T T T T 1 T T T T T
24 48 72 96 120 144 168 192 216 240 264 28 312 336 360 364 408 432 456

Time Hrs

Graph 9: Fuel cell heat generation. Warm period. Small office

The graph 9 shows that, on the 12" of July, the fuel cell is switched on just for some

minutes. This effect is analysed in more detail in the following graph.
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Period Tue—12-Jul@OOhO3(2011) to Wed-13-JulB23RE7(2011) @
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Graph 10: Fuel cell heat generation and tank temperature. Summer day. 600 | tank. Small office

Graph 10 shows that when the temperature in the storage tank reaches the set point
(75 °C) the fuel cell is switched off and therefore it is not producing heat. When the
fuel cell is switched off the office is heated using the hot water stored in the tank. In
this case the temperature of the tank drops below the cold set point (40°C) and
therefore the fuel cell is switched on. However, it is switched on just for a few
minutes as the heating system is operating until 10 pm. To avoid this effect, a larger
storage tank has been installed passing from 600 litres to 750 litres. The same

simulation has been repeated with the new tank size.

Period: Tue=12-Jul@OOROZ(2011) to Wed-13-Jul@23hS7(2011) : =im@0Bm, outputiE0Em
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Graph 11: Fuel cell heat generation and tank temperature. Summer day. 750 | tank. Small office

Graph 11 shows that in this case the fuel cell is switched on once per day.
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It has been also analysed the effect of installing a larger storage tank to determine its

effect. In this case a 1000 litres tank has been installed.

Period: Tue—12-JulBOOhOZ(2011) to Wed-13-JulRZZRGF(2011) : simBOBm, output@0Gm
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Graph 12: Fuel cell heat generation and tank temperature. Summer day. 1000 | tank. Small office

Graph 12 shows that from 7 am to 6 pm the fuel cell is switched off and the heat used
to supply the heating demand of the office is provided by the storage tank. This is an
undesired effect as the fuel cell is running during evening hours and not during the
morning. If the running hours of the CHP system are displaced on this way, the CHP
is producing electricity at hours when the electrical demand is usually lower. A part
from that, the temperature of the tank at night is higher and therefore the heat losses

are higher as well.

Comparing the three tanks sizes analysed (600, 750 and 1000 litres) it can be
concluded that a 600 litres tank is too small as the fuel cell may be switched on and
off twice per day, 1000 litres is too large as the hours when the fuel cell is switched
on are changed and the heating losses are increased. For this reasons, 750 litres is
considered as the best size for the model proposed and it is used for the subsequent

simulations.

4.2.1.2 Simulation’s results (250m? office)
Summer

Graph 13 shows the temperature of the tank and heat generated by the fuel cell.
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Period: Tue—12-JulROOhOZ(2011) to Wed-13-Jul@23RG7(2011) & sim@0Em, output@(Em
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Graph 13: Fuel cell heat generation and tank temperature. Summer day. Small office

Analysing the graph 13 it is possible to determine the operating hours of the fuel cell
during the period analysed. In this case, the fuel cell is switched on from 9 am to 3 pm

during the first day and from 8 am to 2 pm during the second day.

In ESP-r, it is possible to analyse as well the fuel demand of the fuel cell during the
operating hours. The graph 14 shows that the fuel consumption is completely constant
at 0.0003 kg/s when the fuel cell is operating. As in all the simulations carried out the
fuel cell used is always the operating at rated power, it is considered that the fuel

demand is always same when the fuel cell is operating.

Period: Tue-12-Jul@OOKD3(2011) to Wed-13-Jul@23hS7(2011) : =im@06m, output@)Sm
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Graph 14: fuel consumption of the fuel cell
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The graph 15 shows the electrical generation of the fuel cell. Similarly as for the fuel
demand, the electricity generated by the fuel cell is constant at 5,000 kW when it is
operating. This value is considered correct for all the simulations carried out in this
dissertation as the fuel cell used is always the same.

Period: Tue—12-JulROOhOZ(2011) to Wed-13-JulR23hG7(2011) : sink0Gn, outputBOGm

S000H

40004

) 30007

2000m

1000

0 I I calorifier nE other

Time Hrs

Graph 15: electricity generation of the fuel cell

To analyse how successful is the heating system in maintaining the temperature inside
the office between the set points (21 °C — 23 °C) it has been generated the following
graph:

Lib: wch_ann.res: For wch
Period: Tue—12-JulROOWOZ(2011) to Wed-13-JulR2ZRGFI20101) ¢ sim@OGm, outputBOEm
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Graph 16: Office temperature and energy supplied. Summer day. Small office
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Graph 16 shows that the temperature is always above 21 °C. However, for some
minutes it is above 23 °C. This is caused by the inertia that the radiator has when it is
switched off which makes the temperature rise up. During these moments of the day
there are also some solar gains which warm up the office. The heat output of the
radiator (10 kW) is also a problem as it is too high for the heating demand during this
period of the year. However, during the winter this size of radiator is needed to supply
all the heating demand of the office. The total heat supplied from the fuel cell CHP
system to the office for the period analysed (two summer days) is: 73.7 kWh.

Graph 17 shows that the pump supplying the heat to the radiator is switched on and
off repeatedly during the day. This is a normal performance of the system when it is
trying to maintain the temperature between a certain values and the capacity of the
system is higher that the demand.

Period: Tue-12-JulBO0h03(2011) to Wed-13-JulR23h57(2011) : simB0Bm, output@0Bm
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Graph 17: DHS performance. Summer day. Small office
Winter

For all the following simulations carried out, it has been analysed the heat output of
the fuel cell, the temperature of the tank, the operating hours of the fuel cell, the

temperature inside the office and the heat supplied to the office.
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Period: Sat—08-JanROOh03(2011) to Sun—-03-Jan@23hGT(2011) @ sim@0Bm, output@0Em
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Graph 18: Fuel cell heat generation and tank temperature. Winter day. Small office

Graph 18 shows that the temperature in the tank during the winter days analysed is
not reaching the set point (75 °C) at any moment. Therefore, the fuel cell is operating
during all day (7 am — 10 pm).

Lib: wch_ann,rest For wch
Period: Sat-08-JanBOOhOZ(2011) to Sun-09-Jan@23hG7(2011) ¢ sim@0Em, outputBOEm
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Graph 19: Office temperature and energy supplied. Winter day. Small office

Graph 19 shows that the temperature inside the office is always below the set point
(21 °C). This means that the capacity of the CHP system is not enough to match all
the heating demand for this period and part of it has to be supplied by the back-up
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system. The total heat supplied from the fuel cell CHP system to the office for the
period analysed (two winter days) is: 178.4 kWh.

Spring/Autumn

Period: Fri-06-MayR0Oh03(2011) to Sat-07-May@2ZhG7(2011) ¢ sim@E0Bm, outputBOSm
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Graph 20: Fuel cell heat generation and tank temperature. Spring/autumn day. Small office

Graph 20 shows that the temperature in the tank during the winter days analysed is
not reaching the set point (75 °C) at any moment. Therefore, the fuel cell is operating
during all day (7 am — 10 pm).
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Graph 21: Office temperature and energy supplied. Spring/Autumn day. Small office

Graph 21 shows that the temperature is below the set point (21 °C) only during the
first hours of the morning. This means that the back-up system is shortly used for this
period. The total heat supplied from the fuel cell CHP system to the office for the
period analysed (two spring days) is: 168.4 kWh.

4.2.2 500m? office’s fuel cell CHP simulations

4.2.2.1 Influence of tank sizing in system performance (500m? office)

Similarly as for the 250m2 office, it has been analysed the operating times for the fuel

cell during the warmest period of the year (1Jul — 10 Jul).
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Graph 22: Fuel cell heat generation. Warm period. Large office. 750 | tank
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Graph 22 shows that the fuel cell is switching on and off twice during one day when
the size of the tank is 750 litres. Graph 23 shows that this effect is not occurring when
the size of the tank is increased to 900 litres. Therefore, this has been considered the
best size of the tank for the 500m? office.
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Graph 23: Fuel cell heat generation. Warm period. Large office. 900 | tank

4.2.2.2 Simulation’s results (500m? office)
Summer

Graph 24 shows that the fuel cell is switched on during all the first day and it is
switched on from 7 am. to 5 pm. during the second day because the temperature in the
tank reaches the set point temperature.
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Graph 24: Fuel cell heat generation and tank temperature. Summer day. Large office
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Graph 25 shows how successful is the CHP system in maintaining the temperature
between the set points (21°C — 23°C). The total heat supplied from the fuel cell CHP
system to the office for the period analysed (two summer days) is: 135.1 kWh.
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Graph 25: Office temperature and energy supplied. Summer day. Large office
Winter

Graph 26 shows that the temperature in the tank during the winter days analysed is
not reaching the set point (75°C) at any moment. Therefore, the fuel cell is operating

during all day (7 am — 10 pm).
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Graph 26: Fuel cell heat generation and tank temperature. Winter day. Large office

Graph 27 shows that the temperature inside the office is always below the set point
(21°C). This means that the capacity of the CHP system is not big enough to match all
the heating demand for this period and part of it is supplied by the back-up system.
The total heat supplied from the fuel cell CHP system to the office for the period

analysed (two winter days) is: 179.1 kWh.
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Graph 27: Office temperature and energy supplied. Winter day. Large office

Spring/Autumn

Graph 28 shows that the temperature in the tank during the winter days analysed is

not reaching the set point (75°C) at any moment. Therefore, the fuel cell is operating

during all day (7 am — 10 pm).

60



Period: Fri-06-HayROOh03(2011) to Sat-07-May@2ZHG7(20101) : sim@0Gm, output@Sm
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Graph 28: Fuel cell heat generation and tank temperature. Spring/autumn day. Large office

Graph 29 shows that the temperature inside the office is always below the set point
(21°C). This means that the capacity of the CHP system is not enough to match all the
heating demand for this period and part of it has to be supplied by the back-up system.
The total heat supplied from the fuel cell CHP system to the office for the period
analysed (two winter days) is: 178.4 kwWh.
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Graph 29: Office temperature and energy supplied. Spring/Autumn day. Large office
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4.3 Analysis of Results
Results obtained in the simulations are analysed in this section.

Firstly, there is described how the results are obtained, specifying the assumptions
made and the equations used. Before analysing the final values, there has also been
made a validation analysis, comparing results obtained from ESP-r simulations with
results obtained from a performance analysis of a similar fuel cell carried out by an

independent agency.

Finally, and bearing in mind that the main objective of the simulations is to carry out
an economical and environmental analysis of the performance of the fuel cell, there
are detailed the final results: CO, emissions and operating cost of the system proposed

for the two scenarios analysed.

4.3.1 Simulation’s results calculation
The results have been obtained from the simulations using the following procedure:

e Operating hour of the fuel cell (one day): from the graphs of the heat
generated by the fuel cell is possible to determine the operating hours of the
fuel cell per day. For winter and spring/autumn representative days the fuel
cell is operating during all day resulting in 14 hours per day. During the
summer period, the fuel cell is operating an average of 5 hours per day for the
250m2 office and 11 hours per day for the 500 m? office.

e Number of days: there has been made the assumption that there are 60 summer

days, 90 winter days and 180 spring/autumn days during a year.

e Operating hours per season or per year have been calculated multiplying the

number of operating hours per day by the number of days.

e Heat generated: is considered constant at 6,800 kW when the fuel cell is

operating. This value is calculated from the graph 9.

e Electricity generated: is considered constant at 5,000 kW when the fuel cell is

operating. This value is calculated from the graph 15.

e Fuel consumption: is considered constant at 1.08 kg/s when the fuel cell is

operating. This value is calculated from the graph 14.
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The results obtained are detailed in the following table:

Table 5: Fuel cell generation and consumption

250m2 500m*
. Spring/ . Spring
Summer | Winter AT Summer | Winter JAUtUMN

Operating hours (one day) 5 14 14 11 14 14
number of days 4 90 180 90 90 180
Operating hours (season) 20 1,260 2,520 990 1,260 2,520
Operating hours (year) 3,800 4,770
Heat generated (kWh/year) 25,840 32,436
Electricity generated
(kWhiyear) 19,000 23,850
Fuel consumption (kg) 4,104 5,152

Table 5 shows that the fuel cell CHP system is used during more hours in the 250m?

office than in the 500m2. Therefore, the heat generated, electricity generated and fuel

demand is higher.

To calculate the percentage of heat supplied by the CHP system and by the back-up

system is has been determined:

Total heating demand for 2 representative days: heating demand of the offices
when there is installed a perfect heating system which is able to supply all the

demand.

Heating supplied by CHP: Calculated from the heating delivered to the offices
by the system when the CHP is installed.

Back-up demand: when the total heat supplied by the CHP system is lower
than the total heating demand it is assumed that the back-up system is used to
match this demand. In some cases the heating supplied by the CHP system is
higher than the total heating demand. It has been assumed that in these cases
the back-up demand is equal to 0. This effect is commented later in the results

validation.

Seasonal and annual demand: the total demands have been calculated
assuming that there are 60 summer days, 90 winter days and 180

spring/autumn days during a year.
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e The percentage of heating supplied by the CHP and by the back-up has been

calculated taking into account the annual heat supplied by each system.

The results obtained are detailed in the following table:

Table 6: Fuel cell and back-up heating supplied

250m2 500m?
. Spring/ . Spring
Summer | Winter Autumn Summer | Winter JAUtUMN
Heating demand (kWh) 57 220 123 89 357 201
= Heating supplied by CHP
©
S | (kwh) 74 174 168 135 179 178
Back-up demand (kwh) 0 45 0 0 177 23
Number of days per year 90 90 180 90 90 180
Heating demand (kWh) 2,556 9,882 11,106 3,996 16,043 | 18,126
c T g
7 [ A 3318 | 7848 | 15156 | 6,080 | 8,060 | 16,056
3 (KWh)
Back-up demand (kwh) 0 2,034 0 0 7,983 2,070
Heating demand (kWh) 23,544 38,165
& | Heating supplied by CHP
$ | (kwh) 26,322 30,195
Back-up demand (kWh) 2,034 10,053
% heating supplied by CHP 92.83% 75.02%
0 1 I o
u/(;)heatlng supplied by Back 717% 24.98%

Results show that the percentage of heating supplied by the CHP is higher in the
smaller office. This is a coherent result as the demand of the smaller office is lower;
therefore, the CHP system is able to match a higher percentage of the demand. For the
250 m?, it is possible to observe that the heating supplied by the CHP in one year is
higher than the total heating demand. This effect is commented later in the results

validation.

4.3.2 Results validation

Although ESP-r is a consistent tool which has been widely validated, some
calculations have been made to evaluate how precise are the results obtained. Some of
the results have been compared to an external analysis of the performance of a similar
fuel cell. It has been also analysed why, in some cases, the heating supplied the CHP
is higher than the total heating demand.
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4.3.2.1 CO, emissions validation

An analysis of the performance of a 5 kW PEMFC developed by Plug Power has been
carried out by the The U.S. Environmental Protection Agency (EPA) through the
environmental Technology Verification (ETV). (EPA, 2003)

The CO, emissions determined by this analysis are:

CO.emissions = 16610/ kWhe = 0752 kg /kWhe

From the results obtained in ESP-r is possible to determine that the fuel cell is
consuming 0.0003kg/s of methane when it is producing 5kWe. Therefore, it can be

calculated the fuel cell consumption:
Fuel consumption = 00003 kg/s = 1.08kg/h = 0216 kg kWhe

The emissions of CO, when the methane is reformed to generate hydrogen are 2.75 kg

CO; for 1 kg of methane. (The energy collective, 2011)

Therefore, the CO2 emissions are calculated:

CO;emissions = 0216 kg/kWhe x 2.75 = 0594 kg /kWhe

Comparing the CO, emissions from the EPA report and the ones obtained in ESP-r, it
can be seen that the results are similar. EPA report’s calculations where made with
different range of power output and the value represents an average, while ESP-r CO,
emissions are calculated at rated power. For this reason, CO, emissions obtained from

ESP-r simulations are considered correct.

4.3.2.2 CHP heating supplied validation

During the results analysis it has been detected that in some simulations the energy
delivered by the CHP system is higher than the energy demand for the period
analysed. This effect can be seen, for example, in the summer simulations for the
250m? office: the heating demand is 57 kWh and the heating supplied by the CHP
system is 74 kwWh. Analysing the graph 16 it is possible to see that the temperature in
the zone is oscillating between the set point values. Conversely, in the graph 2 it is
possible to see that the temperature is almost constant during all the period when it is
used a perfect heating system to supply the heating demand. In summary, when the
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zone is heated by the CHP, the average temperature is higher and therefore the energy

demand is higher.

Although this error in the results has been detected, it has been assumed that its effect
on the total results is not significant. The error is only occurring when the CHP
system is able to meet all the heating demand; it is switched on and off repeatedly
during a day and its inertia makes the temperature inside the office rise up above the
set point. When the CHP system is not able to meet the demand, it is operating
constantly, and the temperature in the office is always below the set point. In this
case, the value of the total heat supplied by the CHP is correct, and it is assumed that

the energy missing to meet the total demand is supplied by the back-up system.

4.3.3 Environmental and economic analysis

From the CIBSE guide it has been determined that an analysis of the environmental
and economic evaluation of the CHP system has to be made in order to compare it

with other solutions.

4.3.3.1 Environmental analysis

To evaluate the annual environmental impact is has been calculated the CO,
emissions of the system proposed for the two sizes of office analysed. The CO,
emissions have been calculated according to the natural gas consumption taking into
account the percentage of heating demand supplied by the CHP system and supplied
by the back-up. It has been assumed that the back-up system used is a conventional

natural gas boiler.

The results obtained are detailed in the following table:

Table 7: CO, emissions calculation

Symbol Units Description Value 250m2 | 500m?
Q total kwWh Annual Heating Demand 28,356 | 40,248
Percentage of heating demand
0,
M & meet by CHP 93 &
Qh kwh Annual heating supplied by CHP Q total x M 26,323 | 30,194
h hours Full hours run 3,800 4,770
Re kw Rated electricity output CHP 5 5
Qe kwh Net electricity generated Re x h 19,000 | 23,850
CO, factor for grid-displaced
Cfe kGCO,/kWh electricity 0.445
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CO, saved owing to electricity
Ce kgCO, from CHP Qe x Cfe 8,455 | 10,613
Rf kgCO,/h Rated fuel consumption 1.08
Qfchp kg Annual fuel consumption of CHP Rf x h 4,104 5,152
CFfchp | kgCO,/Kgfuel | CO, factor for fuel supply 2.75
CO, emissions due to fuel
Cchp kg consumed by CHP Qfchp x CFfchp 11,286 | 14,167
Seasonal efficiency of
0, 0,
St & conventional boiler £k
N KWh Percentgge of heating demand 1-M 7 25
meet boiler
Qcon kWh 'g‘(?i?:ral U] G @i Qtotal x N/ Econ | 2,308 ([ 11,700
CO, factor for fuel supply to _
Cffcon kgCO,/kWh conventional boiler Gas=0.194
CO, emissions due to fuel
Ccon kg consumed by boiler Qcon x Cffcon 448 2,270

A part from the emissions of the CHP and the back-up system, it has been also
calculated the CO, emissions saved for the electricity which is generated by the CHP
system and therefore it is not supplied by the grid. CO, emissions of the electricity
supplied from the general have been assumed as 0.445 kgCO,/kW. (Carbon Trust,
2013)

Total CO, emissions for each office are:

Clhemissions = O, + Cpp — G

Total emissions are equal to the emissions generated by the CHP system and the back-
up system minus the emissions saved due to the reduction of the electricity used from
the grid.

A summary of the results is detailed in the table below:

Table 8: CO, emission

250m° | 550m’
Cchp 11,286 16,437
Ccon 448 2,270
Ce 8,455 10,613
Total CO, emissions 3,279 5,823
Emissions with boiler 6,397 9,079
Reduction of emissions 49% 36%

Table 8 shows total emissions for each office. These emissions can be compared to

emissions generated by other solutions. For example, if they are compared to the
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emissions of the same scenario with a conventional natural gas boiler to supply the
heating demand and the electrical grid to supply the electricity, it is possible to see
that CO, emissions are reduced by 49% for the 250m? office and 36% for the 500m?
office. In conclusion, if the heating demand is higher, the impact of the CHP system
in the CO, emissions is lower as the percentage of heat demand supplied by the CHP

system is lower.

4.3.3.2 Economic analysis

To calculate the net present value or the pay-back period of the system proposed, the
initial cost and the maintenance cost of a fuel cell has to be defined. Due to its
constant development and its early commercial stage, the cost of the fuel cell is
variable and, currently, it is too high to be competitive with alternative solutions. For
this reason, in this dissertation, it has been only calculated the operating cost of the
fuel cell which depends on the prices of fuel and electricity. The following values
have been assumed: natural gas=4.21 pence/kWh, electricity=13.52 pence/kWh.
(Natural Gas-delivered by Envestra, 2013) (Energy Saving Trust , 2014)

The total operating cost of the system has been calculated with the following

equation:

Total cost = CHP gas caost + Backup gas cost — Electricity cost

In this case, it has been assumed that all the electricity is consumed on site. Therefore,
the cost of buying this electricity from the grid is discounted from the total cost. If
part of the electricity is sold to the general grid is has to be taken into account the

price at which it is sold.

Total results are calculated for both offices analysed:

Table 9: Costs results

250m° 550m*
gas CHP (£) 2,544 3,194
Back-up gas (£) 113 573
Total gas cost (£) 2,657 3,767
Cost of (E)electricity 2,569 3,225
Total cost (£) 89 542
Cost with boiler (£) 1,388 1,970

68



The results from the table 9 show that the cost of the gas consumption is increased
when a CHP system is used. However, if all the electricity is used on site and its cost

is discounted from the cost of the gas, CHP operating costs are cheaper.
4.4 Conclusions of ESP-r simulations

From the simulations carried out in ESP-r it can be concluded that significant
reductions of CO, emissions and operating costs can be achieved when a 5 kW PEM
fuel cell CHP system is installed to supply the heating demand of an office between
250 m? and 500 m?,

The first simulations carried out have been used to develop a methodology to size the
hot water storage tank. This methodology consists in analyse the performance of the
fuel cell during the warmest period of the year. During this period, the fuel cell is able
to supply all the heating demand of the office; therefore it is not operating during all
day. The size of the tank is selected in order to ensure that the fuel cell is switched on
only once per day during some hours. The heat stored in the tank supplies the heating
demand when the fuel cell is switched off making sure that the fuel cell is not

switched on again during the same day.

Once the size of the tank is selected, simulations are carried out to obtain the outputs:
operating hours of the fuel cell, fuel consumption, electricity generated, temperature
inside the office and heat supplied to the office. These simulations have been repeated
for the summer, winter and spring/autumn representative days and for the 250 m? and
500 m? office. Results show that the number of operating hours of the 250 m? office is
lower than the operating hours of the 500 m? office. Therefore, the heat and electricity
generated and fuel consumption is lower as well. For the 250 m? office the 93% of the
heating demand is supplied by the CHP system and 7% by the back-up system. For
the 500 m? office, 75% of the heating demand is supplied by the CHP system and
25% is supplied by the back-up. These results are reasonable as the capacity of the
CHP system installed for both offices is the same and the heating demand for the 250

m? office is lower than the demand for the 500 m? office.

To validate the results obtained, they have been compared with the results obtained by
an independent agency report. The CO, emissions calculated in this report are slightly

higher than the ones calculated from ESP-r simulations. However, in ESP-r the fuel
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cell is always operating at rated power, performing with a higher efficiency. For this

reason, the results are considered as correct.

Finally, annual results of CO, emissions and operating costs are calculated. When the
proposed fuel cell CHP system is compared with a conventional natural gas boiler, the
reduction of emissions is about 49% in the 250 m? office and 36% in the 500 m?
office. From these results, it is possible to see that the impact on the emissions is
higher when the percentage of heat supplied by the CHP system is higher. The
operating cost analysis shows that, as the consumption of gas is increased, its cost is
increased as well. However, if the electricity produced by the CHP system is used on-
site, its cost can be deduced from the gas cost. In this case the cost of the operation of
the system is reduced from £1,388 to £89 in the 250 m2 office and from £1,970 to
£542 in the 500 m2. An economic analysis including the installation and maintenance
cost of the fuel cell has to be made in order to calculate the total savings that can be

achieved installing a fuel cell CHP system.

5 Analysis of fuel cell and renewable energy integrated

systems

Even though it is not the main objective of this dissertation, it has been analysed the
potential of an existing commercial software to simulate the integration of fuel cell
CHP systems with renewable energies. The objective of this analysis is to determine
the systems that can be simulated with this software and the results that can be
obtained. For the simulations carried out, it has been designed a system with a logical
size of components to obtain interesting results. There have been also described the

limitations of the tool and the aspects that should be improved.
5.1 Homer energy simulations

The software selected to carry out these simulations is Homer Energy. It has been
selected after analysing similar tools like Retscreen and Merit for its capability to
simulate more complex systems. Homer Energy was originally developed at the
National Renewable Energy Laboratory for the village power program. It can be used
to design hybrid renewable microgrids either remote or attached to the general grid.
The results obtained can be used to design systems and to evaluate their economic and

technical feasibility for a large number of technologies.
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5.1.1 Description of the model

The model simulated in Homer Energy represents a system that integrates renewable
energy generation systems (Wind turbines and PV panels) and storage and utilization

of hydrogen with a fuel cell. The components of the system are:

e 15KkW PV panel =
Hyceogen Tank
e 3 kW wind turbine 1
S|
e 20 kW electrolyser Elechoesr P

e 1Kkg hydrogen tank , _
— & — 4|

e 5KW fuel cell PTﬂﬁ.-?] Genene 3KW
28 K paak

e DC/AC inverter - _er* |
LCorrveitar 1 st shoe 1

e Back-up gas boiler

AC (1]
The system is supplying an electrical load with an @ r Sl

Bodar Thermal Losd 1

average demand of a 20 kWh/day and a thermal load

] Figure 16: renewable-hydrogen system
with an average demand of 50kWh/d. The electrolyser
generates hydrogen from the renewable energy excess. This hydrogen is stored in the
tank and used when there is no wind or sun available to supply the demand. The
system is not connected to the grid, therefore all the electricity is supplied from
renewable energy. There is a gas boiler to supply the heating demand of the system

when the fuel cell is not operating.

Typical values for wind speed and sun radiations in the UK have been used for the
model. Simulations have been carried out for a period of a year and some of the
results have been analysed for the period of one week to analyse in more detail the
performance of the system.

5.1.2 Results of the Homer Energy simulations

The results obtained from the Homer Energy simulations are detailed in this section.

In the following graph it can be seen the monthly generation of electricity by the wind

turbines, the PV panels and the fuel cell:
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Graph 30: Monthly generation of electricty

During a year, the wind turbine is generating 11,000 kWh, the PV panel 3,000kWh
and the fuel cell 3,300 kWh. Part of the electricity generated by the renewable source
is used by the electrolyser to generate hydrogen (10,750 kWh), and part is used to
supply directly the electrical load (3,250 kWh). The total load consumption is 6,200
kWh, therefore it is possible to see that that approximately 50% of the electricity is
supplied by the wind and solar energy and the other 50 % is supplied by the fuel cell.
The energy used by the electrolyser is 10,750 kWh and the generated by the fuel cell
is 3,300 kWh, therefore the overall electrical efficiency of the electrolyser and the fuel
cell is about 30%. There is some part of the electrical demand that cannot be supplied
by the system and results in an unmet electric load of 1,100 kwh.

Thermal results of the simulations show that 30% of the thermal load is supplied by

the fuel cell and 70% is supplied by the gas boiler.

The performance of the hydrogen tank is also analysed in the simulations:
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Graph 31: State of charge of the hydrogen tank

In the graph 31 is is possible to see that the tank is empty 38% of the time. This means
that at these moments there is no hydrogen stored and if at the same time there is no
renewable energy generation, the demad of the system cannot be supplied. It is
possible to see as well that on some months there are moment when the tank is
completely full. If there is excess of renewable energy at this moments, it can not be

stored.
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Some simulations have been carried out for a period of a week to see in more detail

the performance of the system.
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Graph 32: Renewable generation and heating and electric demand

Graph 32 shows the energy generated by the wind and the solar generation and the
electrical and thermal loads of the system. It is possible to see that the solar generation

is similar every day and the wind generation has more variation. Electric and thermal

demands are similar every day but with some variations.
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Graph 33: Renewable, fuel cell and back-up generation. State of charge of the hydrogen tank
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The Superior part of the graph 33 shows the total energy generated by renewables, the

energy generated by the fuel cell and the level of the storage tank. It is possible to see
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that the tank is charged when there is a lot of renewable energy generated and it is
discharged when the renewable energy is low and the fuel cell is operating to supply
the demand. The inferior part of the graph shows the thermal generation of the boiler
and the fuel cell. In this model the fuel cell is controlled to follow the electrical
demand therefore in some moments the generation of heat can be higher than the
demand wasting part of the heat generated. When the fuel cell is operating it is

possible to see that the energy generated by the boiler is reduced.
5.2 Conclusions of Homer Energy simulations

Results obtained in Homer Energy show that, using this software, it is possible to
determine the total energy generated by renewables and the energy supplied by the
fuel cell. Changing the size of the PV panes or the wind turbine, the scenario can be
completely changed obtaining different matching percentages. The tool is useful to
size the components and ensure that good results are obtained. Another interesting
output is the overall efficiency of the system. From the results it is possible to see that
the electrical efficiency of the electrolyser and fuel cell system is about 30%. This
efficiency can be significantly improved if the heat generated by the fuel cell is used
to supply a thermal demand. Results show that 30% of the thermal load is supplied by
the fuel cell system. This means that the use of gas to supply the system is
significantly reduced. The storage system can be also designed with the results
obtained as the software provides a dynamic analysis of the level of charge of the
tank.

Although Homer Energy can simulate a system integrating renewable energies and
fuel cell CHP, it has some limitations. One of the big limitations is that it cannot be
installed a hot water storage tank. One of the worse results obtained in the simulations
is that only 30% of the thermal load is meet by the fuel cell. This is because when the
generation of electricity from renewables is high enough to supply the electrical
demand, the fuel cell is not operating. Therefore, all the heating has to be supplied by
the back-up boiler. If a storage tank is installed in the system, the heat generated by
the fuel cell can be stored to be used when the fuel cell is not operating. Another
limitation of the tool is that the system is always controlled by the electrical demand.
In some cases, it can be more efficient to operate the fuel cell according to the heating
demand instead of the electrical demand. However, if a storage tank and an improved
control system are added to the software the simulations will become more complex.
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Summarizing, the results that can be obtained from Homer Energy are useful to
design the system and to evaluate its performance. From the results it is possible to
calculate environmental and economic impacts. However, the system has some
limitations and some improvement should be made in order to simulate more complex

systems.

6 Discussion and future work

This section describes the results obtained from each step undertaken in this
dissertation in order to achieve the objectives originally defined. There are also
described the limitations of the systems proposed and the future work detected.

Literature review of fuel cells revealed that, although the first fuel cell was developed
in 1942, the technology remained in a research stage until the early 1990s. Since then,
the efforts have been focused on increasing the life span and reducing the cost of fuel
cells. Although interesting improvements have been achieved, the technology is still
not competitive with conventional systems. Current applications of fuel cells include:
transport, stationary and portable generation of energy. From these applications, the
stationary power generation is the most used. Many companies are designing CHP
systems with the intention to achieve competitive prices in the coming years. The
application that is closer to the market is the micro-CHP (750 We) systems developed
in Japan through the ene.farm scheme which has installed over 50,000 units and aims
to be cost-competitive by 2015. The main benefit of the fuel cell CHP technology is
that it has higher efficiency than conventional CHP systems, which leads to a
reduction of the CO, emissions. Apart from this benefit, fuel cells have the potential
to integrate with renewable energy systems in the future. Some research projects are
designing systems to convert the excess renewable energy into hydrogen, store it into
a hydrogen tank and use a fuel cell to generate energy from the hydrogen when no
renewable energy is available. In the future, these systems have to be improved to be

competitive with current technologies.

To analyse the performance of CHP systems there are some commercial tools that can
be used and which have been analysed in this dissertation. The CHP Site Assessment
tool provides a list of recommended conventional CHP systems for a proposed site.
An interesting improvement for the future could be to incorporate fuel cell to its

database of components and to identify the scenarios where a fuel can be more
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efficient than a conventional CHP system. Using SBEM, CO, emissions results and
operating costs of the system can be obtained. The calculated results depend on the
efficiencies of the CHP system and on the percentage of heating demand supplied by
the CHP system. These values vary according to the system's design. Therefore,
dynamic simulations are needed to analyse the performance of the system in detail
and to design its components. In SBEM, a fuel cell CHP is configured like a
conventional CHP system with higher efficiency. Therefore, it is not representing the
reduction of pollutants such are NOy, SO, and CO due to the utilization of fuel cells.
An interesting improvement of SBEM would be to incorporate fuel cell components

to represent their real environmental impact.

ESP-r has been used in this dissertation to analyse the performance of fuel cell CHP
systems and to determine their environmental and economic impact. After analysing
different available fuel cell models in the software, a one node model was selected for
its capacity to simulate the most used type of fuel cell in the industry (PEM) and for
the level of detail of its configuration and results. A methodology has been developed
to size the hot water storage tank in order to ensure that the fuel cell is not switched
on and off more than once during a day. This is done by analysing the operating hours
of the fuel cell for different tank sizes. Simulations results showed that, with a 5 kW
PEM fuel cell CHP system it is possible to supply 93% of the heating demand of a
250 m? office and 75% of the heating demand of a 500 m? office obtaining significant
reductions in CO, emissions and operating costs. However, the model developed for
this dissertation does not include a back-up system and the percentage of back-up
used has to be calculated by comparing the heating demand of the zone with the
heating supplied by the CHP system. As the back-up is not integrated in the system,
some errors in the results have been detected in the simulations: in some cases the
heat supplied by the CHP and the back-up is higher than the total heating demand.
Future work detected would be to integrate the back-up system into the model in order
to correct this error. The model proposed represents a 5 kW PEM fuel cell. However,
recent investigations are developing other types and sizes of fuel cells CHP systems
which are close to reaching a commercial stage. In the future, new components should

be developed in ESP-r to represent these types of fuel cells.

The investigation of the integration of fuel cells and renewable energy systems

revealed that there are some research projects which are aiming to analyse the
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performance of systems which recover the excess of renewable energy generation
systems and store it to supply a fuel cell when no wind or solar energy is available.
Homer Energy software can be used to analyse the performance of these systems.
Results show that converting the excess of electricity into hydrogen using an
electrolyser and converting it back into electricity with a fuel cell has an efficiency of
about 30%. This efficiency can be increased using the heat generated by the fuel cell
when it is generating electricity to supply a heating demand. However, using Homer
Energy it is not possible to install a hot water storage tank and therefore the heating
back-up system is supplying a high percentage of the heating demand. A future
improvement of the software would be to add this functionality to represent this more
complex system. The control system of the software is operating the fuel cell
according to the electrical demand. Another future development that has been
identified would be to modify the control system to operate the fuel cell to supply

either the heating or the electrical demand according to the most efficient option.

7 Conclusions

Fuel cells are still a non-mature technology aiming to reach the market in the coming
years. One of the applications which has a high potential of becoming cost-
competitive is the fuel cell CHP system for buildings. The 750 W PEM fuel cell CHP
systems developed in Japan are expected to reach a competitive commercial stage by
2015. Commercial modelling tools currently available on the market cannot
accurately represent fuel cells; therefore, academic tools have to be used for this
purpose. It is possible, using the academic software ESP-r, to represent fuel cell CHP
systems in order to: supply the heating demand of an office, size the system and
evaluate the environmental and economic impacts. By creating a model in ESP-r, it
has been possible to develop a methodology for selecting the best size of hot water
storage tank and to obtain interesting results by carrying out simulations. Results
obtained from ESP-r simulations show that significant reductions can be achieved by
using a 5 kw PEM fuel cell CHP system to supply the demand of an office between
250 m? and 500m?. CO, emissions and operating costs reductions are higher for the
250 m? office as the percentage of heating demand supplied by the CHP system is
higher than for the 500 m? office. Another benefit of fuel cells is their potential

integration with renewable energy systems. The unpredictable generation of
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renewable energy systems can be compensated by storing the excess of renewable
energy as hydrogen and using it to supply a fuel cell. The commercial tool Homer
Energy can simulate this system by representing its performance in order to design its

components and to evaluate the environmental and economic impact.

In conclusion, the optimization of the performance of the fuel cells technology and its
integration with renewable energy systems can play an important role in reducing our

dependence on fossil fuels and in developing a more sustainable future.

78



8 References

Ballard How A Fuel Cell Works [Online]// Ballard. - 2013.- 2 9 2014.-
http://www.ballard.com/about-ballard/fuel-cell-education-resources/how-a-fuel-cell-

works.aspx.
Barbir Frano PEM Fuel Cells. Theory and Practice [Book]. - [s.l.] : Elsevier, 2012.

Behling Noriko Fuel Cells. Current Technology Challenges and Future Research
Needs. [Book]. - [s.l.] : Elsevier, 2013.

BRE SBEM: Simplified Building Energy Model [Online] // BRE.- 2014.- 2
September 2014. - http://www.bre.co.uk/page.jsp?id=706.

Bright Green Hydrogen The hydrogen office project [Online]. - The Business
Partnership Ltd, 2014. - 2 Spetember 2014. -
http://brightgreenhydrogen.org.uk/nome/hydrogen-office-project/about-the-project/.

Carbon Trust Conversion factors [Report]. - 2013.
Carbon trust Introducing combined heat and power. - 2010.

Carter Dan Integrated Hydrogen and Renewables Projects in Europe [Report]. -
[s.I1.] : FuelCellToday, 2012.

CIBSE Combined heat and power for buildings // CIBSE Publications. - 2013.
CIBSE Comfort Recommendations. - 2006.
ClearEdge Power The Green Edge of Fuel Cells. - 2014.

Curtin Sandra and Scherer Benedikt Residential-scale power generation [Online] //
Alternergymag. - 2013. - 2 September 2014. -
http://altenergymag.com/emagazine/2013/10/residential-scale-power-generation-
12162.

Energy Saving Trust Our calculations [Online] // Energy Saving Trust . - 2014. - 2
September 2014. - http://www.energysavingtrust.org.uk/.

EPA ETV Joint Verification Statement [Report].- [s.l.]: The environmental
technology verification program, 2003.

79



ESRU ESP-r Overview [Online].- Department of Mechanical Engineering.
University of Strathclyde, 2007. - 2 September 2014. -
http://www.esru.strath.ac.uk/Programs/ESP-r_overview.htm.

European Comission Final energy consumption, EU-28, 2012 [Online]. - 2012. -
2014 September 2014. -
http://epp.eurostat.ec.europa.eu/statistics_explained/index.php/File:Final_energy con
sumption, EU-

28, 2012 _%28%25 of total,_based_on_tonnes_of oil_equivalent%29_YB14.png.

Fuel Cell Today Industry Review 2013 [Report]. - [s.l.] : Fuel Cell Today, 2013.

Fuel Cell Today Latest Developments in the Ene-Farm Scheme // Analysit views. -
[s.1.] : Fuel Cell Today, 2013.

Fuel Cell Today Using fuel cells in renewable energy systems [Report]. - 2012,

FuelCell Energy Products [Online] // FuelCell Energy. - 2013. - 2 September 2014. -

http://www.fuelcellenergy.com/products-services/products/.

Her Majesty the Queen in Right of Canada An Experimental and Simulation-Based
Investigation of the Performance of Small-Scale Fuel Cell and Combustion-Based
Cogeneration Devices Serving Residential Buildings [Report]. - [s.l.] : lan Beausoleil-
Morrison, 2008.

Hirschenhofe H. [et al.] Fuel Cell Handbook [Book]. - [s.l.]: EG&G Technical
Services, for the U.S. Department of Energy, Office of Fossil Energy, National
Energy Technology Laborator, 2004.

Institution of Mechanical Engineers Fuel cells power up [Online] // Institution of
Mechanical Engineers. - 2014. - 2 September 2014. -

http://www.imeche.org/news/blog/fuel-cells-power-up.

IPCC Emission trends of all GHGs [Online] // IPCC Fourth Assessment Report:
Climate Change 2007. - 2007. - 3 September 2014. -
http://lwww.ipcc.ch/publications_and_data/ar4/wg3/en/ch4s4-2-2.html.

IPCC IPCC: Greenhouse gas emissions accelerate despite reduction efforts
[Online] // Climate Change 2014: Mitigation of Climate Change.- 2014.- 3
September 2014. - http://mitigation2014.org/communication/press-release.

80



Lipman Timothy An overview of hydrogen production and storage systems with
renewable hysdrogen case studies [Report]. - [s.l.] : Clean Energy States Alliance,
2011.

Logan Energy Case studies [Online].- 2011.- 2 September 2014.-

http://www.logan-energy.com/case-studies/.

Logan Energy Fuel Cell Systems [Online] // Logan Energy. - Logan Energy, 2011. -
2 September 2014. - www.logan-energy.com/full-cells/fuel-cell-systems/.

National Renewable Energy Laboraory Technology Brief: Analysis of Current-Day

Commercial Electrolyzers [Report]. - 2004.

Natural Gas-delivered by Envestra Reference Guides [Online] // Natural Gas. -

2013. - 2 September 2014. - http://www.natural-gas.com.au/copyright.html.

Panasonic Panasonic and Viessmann to Sell Europe's First Fuel Cell Cogeneration
System for Homes [Online]. - 2014. - 2 Spetember 2014. -
http://panasonic.co.jp/corp/news/official.data/data.dir/2013/09/en130910-4/en130910-
4.html.

Srinivasan Supramaniam Fuel Cells. From fundamentals to applications [Book]. -
[s.1.] : Springer, 2006.

The energy collective Natural Gas, CO2 Emissions and Climate Change [Online]. -
Social Media Today LLC, 2011. - 2 September 2014. -
http://theenergycollective.com/davidhone/65490/natural-gas-co2-emissions-and-

climate-change.

U.S. Department of Energy Types of Fuel Cells [Online] // Energy.gov. - 2011. - 2
September 2014. - http://energy.gov/eere/fuelcells/types-fuel-cells.

Ujiie Takashi Overview of Fuel Cell R&D on NEDO [Book]. - Japan : New Energy
and Industrial, 2006.

UK Government Department of Energy & Climate Change [Online] // GOV.UK. -
2014. - 2 September 2014. -
https://www.gov.uk/government/organisations/department-of-energy-climate-change.

Woking Borough Council Woking Park Fuel Cell CHP. - 2007.

81



World Resources Institute The History of Carbon Dioxide Emissions [Online]. -
2014. - 3 September 2014. - http://www.wri.org/blog/2014/05/history-carbon-dioxide-

emissions.

82



Appendix A: Specifications of a 1.2 MW DFC power plant

- ror FuelCell Energy

Ultra=Cllean, Efficient, Reliable Power

Key Features
~ High Efficiency

Low Environmental Impact
Fuel Flexibility
High Reliabiiity
Quiet Operation
Advantages
The DFC y power plant from
FuelC " sality, Ulra-Cle
" with 7% f i ial and 1.2 MW, 480 VAC,
muwmmmmmmm 1,333 kVA, 50 or 60 Hz
approval The DFC1500 s i wastewater
ing food ing large hotels
hospitals, and universities.
Performance
Power Output Fuel Consumption
Power @ Plant Rating 1200kW Natural gas (at 930 Busft) 156 scfm
Standard Output AC Voltage 80V Heat rate, LHV 7260 BuykWh
Standard Frequency 60Hz
Optional Output AC Voltages 460, 440,420, 400, 380V Water Consumption
Optional Output Frequency S0Hz armon 2o
—_—— Peak during WTS backflush 15gpm
Efficiency 5
o Water Discharge
LY 47.12% —
Available Heat Peak during WTS backflush 15.gpm
Exhaust Temperatusre 700 +/-50°F
Pollutant Emissions
[:!mfbw |s,mu:‘m- v P
":"‘"‘m':’ -~ sox 00001 IbMWh
) A fx Facvery. 190,000 Bruh PMI0 0.00002 Ib/MWh
foram 3197000 Buwh ———
Greenhouse Gas Emissions
C0: 980 Ib/MWh
CO: (with waste heat recovery) 520680 IbMWh
DFC1500

FuelCell Energy, Inc.
3 Great Pasture Road

<
Danbury CT 066131305 FuelCell Energy

2038256000
Ultra=Clean, Efficient, Reliakle Power
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Appendix B: X and Y values for Quality Index calculations

Table GN10-1 QI Formulae for Various Sizes and Types of existing CHP
Scheme (will be applied by the CHPQA programme from 1st January 2014).

Size Of Scheme (CHP1p¢) QI Definition
CONVENTIONAL FOSSIL FUELS SCHEMES
Natural gas (inc. Reciprocating Engines)
<TMW. Ql = 249 X Tlpower + 115 X Tjeat
>1 to <10MW, Q= 195 X Tpower + 115 X Tpeat
>10 to <25MW, Ql = 191 X Tpower + M5 X Theat
>25 to <50MW. Ql = 186 X Tpower + 115 X Tpeat
>50 to <100MW, Ql= 179 X Mpower + 115 X Mheat
>100 to <200MWe Ql= 176 X Tpower + 115 X Teat
>200 to <500MW, Ql = 173 X TMpower + 115 X Theat
>500MWe Q= 172 X Mpower + 115 X Theat
Qil
<1MWe Ql= 249 X Mpower + 115 X et
>1 to <25MWe Ql= 191 X Tpower + M5 X TNpeat
>25MWe Ql = 176 X Tpower + 15 X Thea
Coal
<1MWe Ql= 249 x Tpower + 115 X Theat
>1 to <25MWe Ql= 191 X Tpower + 115 X 1jpeat
>25MWe Q= 176 X Tpower + 115 X Theat
SPECIAL CASES
FUEL CELL SCHEMES Ql= 180 X mpower * 120 X Theat
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Appendix C: Site Assessment Tool Results

CHP Site Assessment Tool

Result Summary

Building Name Dissertation Test
User Name: Arnau Girona
Today's Date: 18 August 2014
Building Sector: Offices
Building Floor Area (m2) - 15,000
Building Region: W Scotland

Technically Feasible :YES

Cost Effective YES

Units Option 1 Option 2 Option 3 Option 4 Option 5
Technology Reciprocating Engine| Reciprocating Engine| Reciprocating Engine | Reciprocating Engine | Reciprocating Engine
CHP Capacity kWe 500 150 175 200 100
Electricity Generated MWh / yr 1,354 463 457 471 3596
Useful heat Recovered MWh / yr 690 704 710 733 5586
CHP Fuel consumption MWh / yr 3,889 1,443 1474 1,518 1,318
Primary Energy Savings | MWh /yr 505 715 675 698 516
CHP Capital Costs £ £451,000 £176,000 £201,000 £225,000 £125,000
Annual Cost Savings £1Yr £140,000 £78,000 £77,000 £79,000 £66,000
NPV £ £700,000 £438,000 £453 000 £449.000 £438,000
Payback Period Yrs 35 23 26 28 19
€02 Saving againstall | 1002/ ¥r 3 214 205 21 168
fossil fuels % 25 % 17% 16.% 17% 13%
CO2 Saving against all TCO2/Yr 109 141 133 137 106
fuels including renewables
and nuclear % 10 % 14% 13% 13% 10 %
€02 Saving against TCO2 ! ¥r 35 116 109 112 84
modem CCGT % 4% 12% 1% 12% 9%

Note: For entries shown in red and marked as not viable in the table above, this is due to them having a negative NPV at the discount rate you selected and
they are therefore not cost effective on this basis. However the payback period should also be considered

Month Elec Demand Total Heat (kWh)
(kWh)
Jan-15 121000 171000
Feb-15 109000 155000
Mar-15 121000 115000
Apr-15 118000 112000
May-15 119000 113000
Jun-15 118000 56600
Jul-15 123000 58600
Aug-15 119000 57400
Sep-15 118000 112000
Oct-15 121000 115000
Nov-15 116000 111000
Dec-15 123000 174000
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Appendix D: SBEM calculations

SBEM Specification Information

Scottish Building Regulations 2010 Section 6 Guidance
Carbon Dioxide Emissions, U-Values, Air Permeability, and HVAC

Project name

Accreditation test 1

Date: Tus Aug 12 12:14:52 2014

Building Details Owner Details
Address: 123 Chesierton Avenus, Ponsmouth, P01 3GF Hame: Joe Bioggs Lid.
Telephons number: 023 3123 456

Certification tool Address: 124 Chesterton Avenus, Porsmouth, P01 3GF
Calculation sngine: SEEM
Calculation sngine verslon: vi1.e5 Agent details

Nameg: My name
Telsphona number: My phone number
Address: My address, My city, NW1 144

Interface to calculation engine: |SEEM
Interface to calculation engine verslon: w418
Compllance check verslon: v4.1.e.5

1- Predicted CO2 emission from proposed building

1.1 | Calculated CO2 emission rate frem notienal building 60.8 KgCO2/m2.annum
1.2 | Improvement factor 041

1.3 | LZC benchmark 0.15

1.4 | Target CO2 Emission Rate (TER) 33.6 KgCO2/m2 anmum
1.5 | Building CO02 Emission Rate (BER) 53 KpgCO2/m2 annum
1.6 | Are emissions from building less than or equal to the target? BER>TER NO

2- The performance of the building fabric and the building services systems

21 How do the U-values compare with Section § guidanca?
The baslding does not follow guidance in Scottish Building Regulations 2010

Element Uesrst | Uncae | Ut T Surfami where this maximum value
s CCCUrs

Wal 0.27 0.35 0.7 035 Officeis

Floor 0.22 0.25 0.7 025 Officaf

Roof 0.2 0.25 0.35 025 Officeic

Windows"", roof windows, and - - = - I

roo ahts 2 2 33 2 Cificaislp

Personnel doors 2 - 33 - "No external personnel doors™

Vehicle access & simiar large doors | 1.5 - 1.5 - "No external vehicle access doors”

Us-iome = Limiting ares-weighbed sverage U-vaiuss [AmI) Uiz = LimEng Individual eiement U-vailss DA

Usse = Calcuiabed sres-weiphied sveamge U-vaioss [ANM2K)] Uiize = CaCulsted ndvidusl sement U-valuss [N m2u)]

* There might be more than one surface excesding the limiting standands.

** Display windows and simlilar giazing are not requined o meet the standand ghven in this table

22 Air permeabdity

Air Permeability This building's value
mth.m2) at 50 Pa 10

Page 1of4
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2'b  Building services

The building services parameters listed below are expected to be checked by the BCOO against guidance.
Ho automatic checking is performed by the tool.

Whole building lighting auwtomatic monitoring & targeting with alarms for cut-ofrange values | NO

Whole building electric power factor achieved by power factor comection =085
1- Office

Heating seasonal efficiency Cooling nominal efficiency Specific fan power [Wlis)]

0.e0 ER 1.8

Automatic monitoring & targeting with alarms for out-of-range values for this HVAC system | MO
1- HWSE

Heating seasonal efficiency Hot water storage loss factor [KWhilitre per day]

0.75 -

"Mo zones in project where kocal mechanical ventilation or exhaust is applicable™
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Technical Data Sheet (Actual vs. Notional Building)

Notional
Area [mf] -40.2.5 402.6
External area [ 1058.2 1058.3
Weather GLA GLA
Infiltration [mihnr@ S50Pa] | 10 10
Axerage conductance W] 411.88 450.61
Awerage Uvalee (W] 039 .44
Alpha value® 3] 15.34 351

 Parcsmage o tha buldrg s wvamge bast bumfe st which ln daa b Sueml Eroging

Energy Consumption by End Use [KWh/m?]

Actual Notional
Heating 6712 61.31
Cooling 158.04 27 52
Auxilary 41.34 3011
Lighting 45.54 4554
Hot water 3.82 6.53
Equipment" 4218 4219
TOTAL*= 1T5.86 171

" Craagy LBSd by acuiprmas do e couni issarss i ot for cTUEng STREDN
= Toin i wd o ey alectioal sragy dapiees O garareios fassicaza

Energy Production by Technology [KWh/m?]

Actual Notional
Phiotowoltaic systems 10.84 ]
Wind turbines 841 ]
CHP generators 1] 0
Saolar thermal systerms 1] ]

‘

Energy & CO, Emissions Summary

Actual Indicative Target
Heating + cooling demand [MAmf] | 311.08 184 &1
Frimary enemy” [kK¥WhinT] 37805 186.33
Total emissions kg 58 334

" Prirmacy snagy I mat ot ary siscical snamgy dnzisced by OHF penanions, T apploatis
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HVAC Systems Performance

[5T] Fan coil systems, [H5] LTHW boiler, [HFT] Natural Gas, [CFT] Electricity
Actual  |188.8  |121.1 B7.1 18 413 078 157 0.8 25
Notional (1832 [1854 [@13 75 0.1 0.83 167 — —

Heat dem MAimI] = Heating snegy demand

Cool demi [MAmZ] = Coolng energy demand

Heat con KWh/mZ] = Heating enegy consumption

Cool con (KWhim2] = Cooling energy ConsumpSon

Aux con [RATYmZ] = Auxilary energy consumption

Heat Z2EFF = Heating system saazonal e®ickency

Cool 32EER = Coolng system seasonal enengy e®clency ratic
Heat gen 3SEFF = Heating penerator seazonal eMclency

Cool gen B2EER = Coolng generator seasonal energy eSiciency o

ar = Dysherm fypes
HB = Hizat source
HET = Heating *usl fype
CFT = Coolng fus type

Page 4 of 4
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SBEM Specification Information

Scottish Building Regulations 2010 Secfion 6 Guidance
Carbon Dioxide Emissions, U-Values, Air Permeability, and HVAC

Project name

Accreditation test 1

Date: Tus Aug 19 12:21:56 2014

Administrative information

Building Details Owmner Details
Address. 123 Chesierton Avenue, Porsmouth, P01 3GF Nameg: Joe Bioggs Lid.
Telephona number: 023 3123 456

Certification tool Address: 124 Chesterton Avenus, Porsmouth, PO1 3GF
Calculation sngine: SBEM
Calculation engine verslon: v4.1.e.5 Agent details

Hamg: “]- name
TE|B|}|’II}I1E numiber: 'k'l'p' phone PUmber
Address: My address, My city, NW1 144

Interface to calculation engine: ISEEM
Interftace to calculation engine verslon: vide
Compllance check verslon: v4.1.e.8

1- Predicted CO2 emission from proposed building

1.1 | Calculated CO2 emission rate from notional building 6.8 KgCO2/m2. anmmm
12 | Improvement factor 041

1.3 | LZC benchmark 015

1.4 | Target CO2 Emission Rate (TER) 33.6 KgCO2/m2 anmm
1.5 | Buikding CO2 Emission Rate (BER) 54_8 KgCO2/m2. anmmm
1.6 | Are emissions from building less than or equal to the tanget? BER > TER MO

2-The performance of the building fabric and the building services systems

21 How do the U-walues compare with Section § guidance?
The building does not follow guidance in Scottish Building Regulations 2010

Element m T m T Surfans where this maximum value
e ma DCCUTS

Wal 0.27 0.35 0.7 035 Officels

Floor 0.22 0.25 0.7 025 Officelf

Rioof 0.2 0.25 D.35 025 Officelc

Windows"", roof windows, and - - o o P

roof ghts 2 2 33 2 Ciificelsig

Personnel doors 2 33 - "No external personnel doors”™

Vehicle access & simiar large doors | 1.5 - 1.5 - "MNo external vehicle access doors”

Us-ume = Limiting arsa-weighted average U-values [ATZK]] Ueime = LimEng Individual element U-valies [ATm2KY

Us-ise = Calculabed area-weighied average U-vakes (AN M2K)] Ueize = Caiculated indvidual siement U-values [l maK)]

" There might be mon= than one sur'sce sxcesding the lmiting standarnds.

" Display windows and similar giazing are not requined fo meet the standard gheen in this tabie

22 Air permeabdity

Air Permeability This building's value
m{h.m2) at 50 Pa 10

Page 1 of 4
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2b Building services

The building services parameters listed below are expected to be checked by the BCO against guidance.
Ho automatic checking is performed by the tool.

Whaole building lighting automatic monitoring & targeting with alarms for out-ofrange values | NO

Whaole building electric power factor achieved by power factor comection =0.85

1- Office

Heating seasonal efficiency

Cooling mominal efficiency

Specific fan power [Wiilis]]

0.eg

3.12

1.8

Automatic monitoring & targeting with alarms for out-of range values for this HVAC system | NO

1-HWS

Heating seasonal efficiency

Hot water storage loss factor [kWhilitre per day]

075

“Mo zones in project where bocal mechanical ventilation or exhaust is applicable”
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Technical Data Sheet (Actual vs. Notional Building)

Naotional s
Area [mf] -102.6 402.5
External area [mv] 1058.3 1056.3
Weather GLA BLA =
Infiltraion [mih?@ 50Pa] | 10 10
Awerage conductance [WE] 411.88 450.61
FAwerage Uvalue [Win®] 039 0.24
Alpha value" [%] 18.34 351

" Parcastage of tha bulldng's wvarigs haat Exmier coafciant which n dus i el brifging

Energy Consumption by End Use [kWh/im®]

Actual MNotional

Heating 11245 61.31
Coofing 18.04 27 52
Auxdary 41.34 30.11
Lighting 45.54 4554
Hatt water 3.82 6.53
Equipment" 4218 4219
TOTAL™ 198.12 17101

" Enargy umad by acuipman dom nat count iowarts faa iotal for caicuiing amiasions
= Totwl I ma of sy sbscticsl snagy duplacas sy D7 panarsion, ezt

Energy Production by Technology [KWhim®]

Actual MNotional
Photowoltaic systems 10.654 ]
Wind turbines B4 ]
CHP generators z3.08 0
Solar thermnal systems ] 0

Energy & CO, Emissions Summary

|

Actual Indicative Target
Heating + cooling demand [MMnr] | 311.08 18481
Primary enengy” [kWhint] 356881 186.33
Total emissions [kg/m] 54 B 38

* Priray snagy b ot ot sny siscvl snargy dnziscsd by CHE panarstons, £ apploatis
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HVAC Systems Performance

[ST] Fan coil -,-;m. [HS] LTHW hmler, [HFT] Matural Gas, [CFI'] Electricity
Actual |57 1211 | 201 18 413 0.78 187 0.8 25
Motional [183.2  [1854 |@1.3 275 30.1 083 1.67 — —

H=atdem MAmZ] = Hsating snegy demand

Cool dem [MAmZ] = Coolng energy demand

Heat con KWhimZ] = Heating enemgy consumption

Cool con [fWhim2] = Ciooling energy Consumpson

Aux con [RARTE] = Auxllary energy consumption

Heat Z3EFF = Hizaling system seasonal eSickency

Cool 233EER = Coolng system seasonal enengy eSiclency rato
Heatgen SEEFF = Heating generator seasonal eSickency

Cool gen 22EER = Coolng gererator seasonal energy e=iciency ratio

ar = Sysherm fype
HE = Hizat soume
H=T = Hizating fuel Gype
CFT = Caolng fusl bype

Page 4 of 4

93



SBEM Specification Information

Scolfizh Building Regulations 2010 Section & Guidance
Carbon Dicxide Emissions, L-Values, Air Permeability, and HVAC

Project name

Accreditation test 1

Dake: Tue Awg 19 15c33:52 2014

Administrative information
Building Details Crwner Details

Addrecs: 123 Chesberion Awenue, Portsmout, PCA 3GF MHame: Joe Bloggs Ld
Tedephons number. 023 5123 455

Certification tool Hddrecs: 124 Chesterion Awenue, Fortsmouth, FO1 30F
Caloulation sngine: SEEM
Caloulstion angine werclon: v4.9.25 Agent details

Mame: KRy name
Telephons number. by phons namber
Agddress: by adaress, My iy, MW 184

Infertaos to caloulation engime: [ESER
Indertaoa to caloulation englne verclon: wiie
Compllancs ohaok warckon: vd.1.e5

1- Predicted CO2 emission from proposed building

1.1 | Calcuiated COP amission rEie oM notional buldng 56,3 KOCDZMZ.anmum
12 | Improvament factor ]

1.3 | LZC benchmank 015

1.4 | Target GO Emiselon Rate [TER) 335 KooO2ME.annum
15 | Buling COZ Emisslon R [BER) 459 KOCDZME.annum
1.5 | Are emissions fom bullding Iess than or equal i the Enget? BER=-TER MO

2-The performance of the building fabric and the building services systems

2.1 How do the L-valuss compars with Section § guidance?
The buliding does not folow guidance In Scofiish Buldng Reguiations 2010

Element Usswn | Uecms | Ubisnsr | Wb | SUITSCH WREMS Thils: Maximum valus
Viall 0.7 035 o7 0.35 Ciice’s

Floor 022 [25: o7 025 oot

Roof 0.z 025 035 025 OfMcelc

mﬂl"“"l?% , ool windowes, and 3 3 3 3 mL‘E-'E'Q

Personnel doors 2 - 33 - “No extemal F‘E‘-’EEITEIEI{III"E'
Vehicie access & similar lame doors | 1.5 - 1.5 - “N0 extemal vehicie actess oons”
L = LirwBieg arma-semgried et eom Lvaes |V m 204 ULt = Lirliveg cresbviciim mborrand U-vml o [oa o]

L zaie = Dt ot iiwi-wasgiies] evedege Livl s [V moF0) s = Caneodatid redwicium oo Ul-waboes [5') mds]|

© Theia regh! e moie Dah o sules scoeedng e Ieeling ok redends

= Lipliny wardows and i’ Qlanng aie il iedured 1o el D sbancdaid green i e lalle

22 Alr permeanlity
2Ir Permaabllity This bullding's valua
m3/[hme) at 50 Pa 10

Page 1064



2b Bullding sarvices
The bullding mmwrm lizted balow are expectad to be checksd by the BCO apainst guidanca.
iH ]

Mo automalic checkl performed by the tool.
While bullding Ikghiing automatlc monifonng & targeting with akarmes for out-pf-rangs values | RO
Whals bullding séactric powsr factor achisved by power factor comecion =085
1- OfMea

Haating sagsonal smclency Cooling nominal sMclancy SpeCINc Tan powar [Wilsj]

0.5 312 1.8

Autcmatic monitonng & targedng with alamms for sut-of-rangs values for this HVAC syatem [ o

1- HWS

Heating seasonal eMclency Hiot water storage loss factor [KWhiKTs per day]

075 -

“M0 Zones In project where Iocal mechanical ventiiation of exhaust |5 appilcable”
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Technical Data Sheet (Actual vs. Notional Building)

Building Global Parameters Building Us

Hotional % Area _11-
Area [m3 -iD.""_E A0 6 o v
External arza [m] 10533 10583 - ! Latew ]
Weather GLA GLA - “""“"M"""'"""
infitraiien [maFeAg SOFa] | 10 10 T -
Aerage conductance [a0K] 21186 4861 H

Awerage U-alue Wim] 0,33 0.44 o e
Apha wakee” (%] 1632 35 .

* s of e SR AR A R RO ST S 10 Al B

Energy Consumption by End Use [kWhim']

Aciual Hiotional
Healing 9389 &81.31
Cooling 13,04 o2
Auwilary 41.34 311
Lighiing 4554 £5.54
Hob wassr 382 [Fx]
Equiprant’ 4219 219
TOTAL™ 175.41 17101

" i g T (b 1 i) e T LT T L AT, et
=1 T Wy TN ARy SRS Dy DM GO, A

Energy Production by Technology [kKWhim®]

Acusal Hiotional
Prictoveitalc systems 1064 a
Wind turbimes 541 1]
CHP generators 233 [1]
Solar themal sysiems u] a

Energy & CO, Emissions Summarny

‘
'
'

Actual Indic-ative Tangat
Heating + cooling demand [Aim ] | 311.06 18461
Primary enemy” [Xfhée] 3567 185.33
Totl emissions [kgin] 459 336

* STEATy B T Ry RN e St Dy - e T AT
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HVAC Systems Performance

e e o

[&T] Fan ooll eycheme, [HE] LTHW boller, [HFT] Matural Gac, [CFT] Elsotriofty

Aatual T 121.1 201 18 413 ora 1487 0.8s 5
Wotlonal [153.2 165.4 61.3 7.5 el 0E3 1567 — —

Haat gan | Cool gen

Hewl dam (Wm0 = Hoalng emgy demand
Cived s M| = Coosiivegy ey el
Hail oon [t = Haillify afngy oofmurnplien
Coal aah fhimnd] = Codling aneligy cofsuspbon
ALl g AR = Ausdlary ey cofmumplicn

Hewd SSEFF = =l ry Wyl eveorml afomey

Ciad SEEER = Ciraireg eyslerm s ol o ey ooy iebo
Hewl gan SSEFF = Hoaling o

Cool gon B3EER = Coding gefarslol sessonl el afdancy nibo
BT - Splas How

HS ol T

HFT = il Pl B paa

CFT = Cpraieg Tul Byew
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