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Abstract

In order to achieve a more sustainable energy system, regulators and the industry
are trying to balance among many challenging issues such as environmental
concerns, economic efficiency and security of supply. In Europe, the environmental
concerns are getting a higher weight in current discussions. While it is important to
continue exploring the potential of renewables as well as other clean energy
sources, finding a more effective way to utilize existing resources is also a viable
solution. Combined heat and Power (CHP), also known as cogeneration, denotes a
group of technologies that generate electricity and useful heat concurrently.
Benefits of distributed CHP technologies arise from their direct connection to
distribution and customer facilities, which can potentially alleviate transmission and
distribution network constraints, lower network energy losses, improve system
reliability, and result in CO2 emissions reductions and overall capital cost.

This thesis focuses on understanding the technological, social and economic
attractiveness of CHP technologies under different tariff designs, market conditions
and incentives. It not only looks at the optimum economic value of CHP to individual
customers, but also impacts on the system peak load and the environment. For that
purpose, the thesis develops a methodology that focuses on analyzing customers’
reactions to various exogenous parameters by looking at their CHP installation and
operation decisions. Moreover, it adopts an overarching framework that integrates
and streamlines the processes from simulation of customers’ energy loads,
representation of regulatory and market conditions, to the generation and
interpretation of the installation and operations decisions.

Results suggest that many distributed CHP technologies could bring positive
economic value to the customers even without considering incentives. In the
meanwhile, metrics like CO2Z emissions, overall efficiency and system peak
reduction all improved with the introduction of NGDCHPs. These observations
confirm that NGDCHP systems have the potential to reduce costs at both the
individual customers’ level and at the system level.

Moreover, we find that customers’ decisions are noticeably influenced by the
tariffication and incentive methods. Volumetric-only tariffs suffer from potential
cross-subsidization and insufficient remuneration for network companies, but
encourage higher utilization rate and installations because of the higher variable
electricity price. In comparison, breaking down the electricity prices based on
different cost drivers could send the correct economic signals to the customers
while still meeting the sustainability principle for tariff designs. Additionally, we
find that changing market conditions can have significant effects on the economic
value of CHP systems installed on-site, and the annual savings are most sensitive to
electricity purchase prices.



In conclusion, the goal of this research is to explore the value of gas fired distributed
CHP systems under different settings. It informs the private sector as well as the
policymakers by how to realize the potential benefits of distributed CHP systems. In
the future, the methodology and framework developed in this thesis could be
further applied to analyze scenarios where distributed CHP penetration is high and
is coupled with other distributed energy resources.
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1. Introduction

In order to achieve a more sustainable energy system, regulators and the industry
are trying to balance among many challenging issues such as environmental
concerns, economic efficiency and security of supply, with an increasing weight on
the first factor in recent years (EU 2012). While it is important to continue exploring
the potential of renewables, which provide alternative sources of energy, as well as
other clean energy sources, finding a more effective way to utilize existing resources
is also considered, by both the industry and the regulators, as a viable solution.

Indeed, around 65% of all energy used to generate electricity is lost during the
energy conversion, transmission and distribution processes (US Energy Information
Administration 2009) (European Environment Agency 2015). The room for
efficiency improvement is ample for combined heat and power (CHP) technologies
on the distributed level.

Benefits of distributed generators arise from their direct connection to distribution
and customer facilities, which can potentially alleviate transmission and distribution
network constraints, lower network energy losses, improve system reliability, and
result in CO2 emissions reductions and overall capital cost (Strachan 2002) (Gil
2006).

However, distributed combined heat and power systems (DCHP) still faces techno-
economic challenges, ranging from high initial investment to relatively low electric
efficiencies, flexibilities and reliability. Their penetration is influenced by regulatory
and market conditions such as fuel price, overall energy mix in the wholesale
market, electricity tariff structure, subsidies and incentives.

This thesis tries to understand the value of CHP, not only to the energy consumers,
but also to the system and society, based on different scenarios that are both
representative and realistic. From the individual customer’s perspective, the
essence of this research is to have a relatively realistic representation of the techno-
economic scenarios that typical customers face, and draw general insights on how
the attractiveness and value of CHP technologies are influenced by external factors.
On the other hand, from the viewpoint of regulator, this thesis tries to address the
question “What are the merits and drawbacks of various tariffication method based
on economic, environmental and efficiency metrics?”

This thesis develops a framework and methodology that can take in energy,
technology and market information and find the optimal installation and operation
decisions for different CHP technologies. This methodology focuses on analyzing
customers’ reactions to various exogenous parameters and utilizes multiple metrics
to show the consequent impacts on the energy bill, the grid and the environment.



1.1. Research Motivation

1.1.1. The European Context

Europe is making great efforts to limit greenhouse gas emissions, promote
renewable energy resources and improve energy efficiency, as is evidenced by the
sustained commitment to the so-called “20-20-20" target, a legally binding climate
and energy package established by the European Commission (European
Commission 2014). These efforts have given rise to the rapid growth of not only
various renewable energy systems, but also distributed energy resources and CHP
technologies!. For instance as early as 2005, 15 European states had already
achieved a distributed generation penetration rate of more than 10% (Frias 2008).
The Joint Research of European Commission’s research has shown (see Figure 1)
that CHP penetration had reached significant value in certain Northern European
nations by 20122. Moreover, the CODE 2 project, funded by the European Union, has
estimated that CHP could generate 20% of the EU’s electricity by 2030, if proper
policies and subsidies are implemented (CODE 2 2015).
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Figure 1: Share of CHP in National Electricity Production. Source: Joint Research Center (2012)

This transformative energy landscape will have significant influence on all stakeholders,
ranging from governments and regulatory agencies, to equipment manufacturers, utilities,
gas companies and customers, especially in the context of the liberalization of the
electricity and gas sectors in the EU. It has prompted the interest not only from academia,
but also industry. For instance, European conglomerates like ABB and Siemens have
articulated their views on a future power system and utility sector with increased
integration of decentralized resources (ABB 2010) (Utility Dive n.d.).

1 These three concepts are not mutually exclusive. For example, a small concentrated
solar power (CSP) system that can provide both electricity and heat could be categorized
as any one of the three concepts.

2 For comparison, in 2008, cogeneration accounted for 9 percent of the total U.S.
electricity generating capacity.



1.1.2. Natural Gas Fired Distributed CHP (NGDCHP) Technologies

Admittedly, the rapid growth of distributed energy resources (DER) and CHP
technologies in Europe should be attributed to various tailwinds, ranging from
falling costs due to technical advancement and liberalization of the retail market, to
the increasing emphasis on policy goals such as reliability and decarbonization
(J.LA.P. Lopes 2007). However, it is noticeable that the success in the renewable
sector and the larger CHP technologies is not observed in the distributed CHP
system. The potential opportunities and barriers to distributed CHP systems are less
understood.

A distributed level system refers to technologies with electric capacities below 10
MW, a rough threshold for generators connected to distribution networks.
Technologies in this range can be further classified as Micro (<50 kW), mini
(<500kW), and small (<1MW) respectively.

Combined heat and Power (CHP), also known as cogeneration, denotes a group of
technologies that generate electricity and useful heat concurrently. While a detailed
discussion of technologies in each category can be found in the next chapter, it is
worth noting that in general, the cogeneration feature gives these technologies
much higher overall efficiency than the separate generation of electricity and useful
heat. In fact, it has a long history within large industrial applications. Several energy
intense industries such as chemicals, metal, oil refining and pulp and paper
manufacturing account for more than 80 percent of the total global electric CHP
capacity (Center for Climate and Energy Solutions 2010)3. These low hanging fruits
have been long recognized by the industry and thus are mature and saturated.
However, there is a clear trend for CHPs to move to smaller applications. For
instance, as is shown in Table 1, the newly installed capacity of NGDCHP as a
percentage of the total CHP installation has increased steadily from 1900 to 2012 in
the US, especially after 2008.

Period NGDCHP (kW)  Total CHP (kW) NGDG Penetration
1900-2000 1,806,066 66,901,837 2.70%

2001-2007 634,593 13,559,976 4.68%

2008-2011 418,703 1,975,691 21.19%

2012- 2013 Q1 105,610 468,840 22.53%

Table 1: New Installation of NGDCHP and all CHP Technologies in the US from 1900 to 2013; Source: ICF
(2013) and own calculation

3 However, these CHP systems are generally very large and are beyond the scope of
this research.



Finally, this thesis focuses on natural gas fired CHP systems specifically because the
potentially higher scalability compared with some other fuel sources such as
biofuels, hydrogen and diesels*.

1.1.3. Challenges for NGDCHP

Gas fired distributed CHP projects can yield numerous private and public benefits.
As mentioned above, they tend to have higher overall efficiencies and can reduce the
environmental impact of power generation. Moreover, on-site generation can
reduce peak electrical demand on the grid and thus alleviate electric grid
constraints and losses, if the customers receive proper economic signals. Prior
research also identified other advantages such as better resilience in the face of grid
outages, deferred in vestment in the network, potential improvement on the
stability from reactive power and voltage support and reduced fuel price volatilities,
which will be discussed in more detail in the next chapter.

However, several barriers and technical limitations have hindered the full
realization of these benefits. In order to successfully promote and integrate
distributed energy resources, efforts must be made not only on improving the
current network infrastructure and information and communication technologies,
but also updating regulatory and policy frameworks, technical standards, and
industry structures. The tariff scheme is the key issue among all these factors, as it
connects the upstream regulatory objectives and the downstream industries and
customers, with a significant influence on infrastructure investment and operational
decisions. Current tariffication methods may not be suitable for the rapidly evolving
environment. Electric utilities may apply different rates and special charges to
distributed energy projects than that to non-producing customers. While the
legitimacy of these practices lies in the need to recover reduced income and
additional costs associated with special services required for the DGs, if not well
designed, they can pose significant and unnecessary obstacles to tap the full
potential of these opportunities. An appropriate tariff design should allow the
utilities to recover costs and reasonable profits while sending correct economic
signals to the end-users and on-site generators.

In addition to the general issues that DGs face, another four barriers should be
addressed to mobilize CHP potential in Europe: insufficient recognition and reward
to CHP’s efficiency gains at the energy system level; hurdles for distributed
generators in connecting to and operating on the network; uncertainties and risks
associated with regulations, and a lack of understanding and planning of usable heat
(CODE 2 2015).

4 Besides the advantage of wide availability, factors such as ease of maintenance and
low impurity and pollution are also clear advantages. Moreover, as shale gas and
Caspian gas are being developed, sufficient supply may also drive down the fuel
cost.



1.2. Research Question

This thesis focuses on understanding the technological, social and economic
attractiveness of CHP technologies under different tariff designs, market conditions
and incentives. It not only looks at the optimum economic value of CHP to individual
customers, but also impacts on the system’s peak load and the environment. The
premise is that, even if individual customers are only reacting to economic signals
and regulatory constraints, without explicit considerations on the overall social and
grid level costs, a good tariff design should be able to send the correct economic
signals to all participants so that the welfare of both individual customers and the
overall society is improved.

Therefore, the main questions that this thesis attempts to answer are:

* How does relative economic attractiveness of different CHP technologies look
like from the perspective of individual customers?

* How do different tariff structures influence the decision making process of
individual customers who are considering having distributed CHP
technologies on-site? More specifically, how do the customers respond to the
economic signals by changing their installation capacity and the operation
schedules?

* What are the effects in terms of energy efficiency, contribution to peak load,
CO2 emissions and natural gas consumption, all of them with implications in
the system’s costs and social welfare?

* How sensitive are these observations in relation to key market conditions,
technology and regulatory requirements?

On the one hand, from the individual customer’s perspective, the essence of this
research is to have a relatively realistic representation of the techno-economic
scenarios that typical customers face, and draw general insights on how the
attractiveness and value of CHP technologies are influenced by external factors. On
the other hand, from the regulator’s viewpoint, this thesis tries to address the
question “What are the merits and drawbacks of various tariff methods based on
economic, environmental and efficiency metrics?”

Complex and interesting dynamics are expected between the overall system’s cost
and the individual customers’ decision-making, especially when the penetration rate
of distributed CHP technologies increases over time. For instance, when lots of
distributed CHP technologies are generating electricity at the same time in the peak
hours, it is likely that both the short-term marginal electricity price and the long-
term network investment on the grid level would be different from that in the
business as usual case. However, it is beyond the scope of this research to model
such interplay. Rather, this thesis focuses on the early adoption phase, when the
penetration of distributed CHP is low and their influence on the system is not



significant. This assumption is also in line with the current situation within the
European energy sector, as discussed above.

Moreover, this thesis looks at the “economically optimal” decisions that a customer
would make when faced with various economic signals. Generally, it is expected
that, rational customers will react to economic signals through both demand
response, i.e. changing their consumption patterns, and on-site generation. As the
focus of this research is on CHP technologies, it is assumed that customers do not
change their consumption behavior in response to prices, but rather shift their
energy source between electricity and gas. In addition, in order to get an “optimal”
outcome, CHP technologies should have the flexibility to react in a timely manner to
the economic signals. In theory, this would provide CHPs with the potential to create
additional value by participating in ancillary markets. However, this mechanism is
not widely applied to generators on the distributed level and, thus, has not been
included in this analysis. Therefore, the thesis calibrates the maximum value of
distributed CHP technologies when holding energy consumption loads fixed and
without explicitly including the potential value of providing ancillary services.

1.3. Methodology

In order to understand the impact of different regulatory tariffs on the
attractiveness of different CHP technologies, and their complex interactions with
other techno-economic parameters, the thesis develops a methodology that focuses
on analyzing customers’ behavior to various exogenous parameters by looking at
their CHP installation and operation decisions. Moreover, it adopts an overarching
framework that integrates and streamlines the various processes from the
simulation of customers’ energy loads, the representation of regulatory and market
conditions, to the generation and interpretation of the installation and operations
decisions.

To analyze a specific application case, we first accrue, triangulate and compile three
categories of data relevant to the case: energy load, technology specifics and market
conditions. First, a thorough review of currently available CHP technologies is
conducted, and we parameterize the technologies using some key techno-economic
metrics such as capital cost, electric efficiency and heat-to-power ratio. Secondly, we
use raw data on weather, building design and end-user demand patterns to
construct and simulate the energy load profile for a particular customer over a year.
For computational efficiency, we then synthesize the data to get load profiles for
representative days in a year. Thirdly, we analyze the regulations and price
information of the selected market, and construct different tariff structures,
incentives and price level scenarios.

Then an optimization model is adopted to determine the economically optimal
installation and operational decisions for different CHP technologies, for the



customer utilizing the aforementioned three categories of data. The output from the
model in each scenario is then compared with the business as usual (BAU) scenario.
The BAU scenario is that when the customer imports electricity solely from the grid
and generates heat using a conventional boiler or furnace. Besides comparing the
total installation and hourly operation, several metrics are used to show the impacts
of CHPs on the environment, peak demand, and the customer’s energy bill. Finally,
we conduct a sensitivity analysis to see how changes in market conditions influence
our findings.

1.4 Research Outline

The thesis is structured as follows: Chapter 2 starts with a literature review on the
recent advances and impacts of distributed energy systems; categories,
characteristics and parameters of distributed cogeneration technologies; and a
discussion on the topic of the tariff designs and recent developments in this area.
Chapter 3 is devoted to explain the methodology, tools and models that are adopted
and developed for the analysis; the required data; the assumptions and processes
involved in constructing different scenarios; and it defines the metrics to interpret
and evaluate the output from the model. Chapter 4 shows and compares the results
of different scenarios; and performs sensitivity analyses to critical variables
including fuel prices, electricity purchase prices, and electricity export prices.
Chapter 5 summarizes the findings, discusses the implications for different
stakeholders; and finally identifies the areas of improvement and additional
research.



2. Literature Review

2.1. Distributed Energy Systems and their impact

2.1.1. The benefits of NGDCHP

Natural gas fired distributed cogeneration systems have started to attract interest
from both the industry and the academia in recent years (MIT Energy Initiative
2014), which should be seen in the context of the overall popularity of distributed
energy systems. Like many other DERs, NGDCHP has the potential to improve the
energy system on multiple fronts:

The most obvious advantage of gas fired combined heat and power is higher
efficiencies. The typical method of centralized electricity generation and on-
site heat generation results in lower usage of the total energy input. As
shown in Figure 2, the efficiencies of typical coal and petroleum power plants
average around 40% and have not shown an overall improvement in the past
decade>. The efficiency of natural gas fired central plants benefited from the
introduction and improvement of combined cycle gas turbine technology
(CCGT), but still falls short of the overall efficiency of 80% that many
cogeneration systems can achieve. Admittedly, electricity in general has
higher value than heat, and centralized power plants make economic sense in
many cases. From the perspective of primary energy saving, however,
cogeneration makes better use of the waste heat from the electricity
generation process, and thus yields a more attractive outcome. Alternatively,
cogeneration reduces the energy consumption in standalone boilers and
furnaces devoted to satisfy heat demand as well as the purchase of electricity
from the grid, which may result in better economics for individual customers.

Cogeneration reduces the environmental impact of power and heat
generation as it requires less fuel input to achieve the same level of output
and, therefore, can lower CO2 emissions. This effect is compounded with the
fact that natural gas contains much lower carbon content on a per energy
unit basis compared with coal and oil, which makes NGDCHP systems a
valuable alternative on the decarbonization roadmap. Besides CO2, other air
pollutants such as SO2, NOx and Hg can also be reduced if proper treatment
technologies are in place.

On-site DG systems are usually connected to the power grid, and the
customers can choose to purchase from or sell electricity back to the grid.
This feature gives the technology the potential to reduce peak electrical
demand on the grid as well as alleviate constraints and network losses. The

5> Not taking into account transformation losses and heat resistance losses on the

grid.



total transmission and distribution losses as of the output from the central
power plant ranged between 3% and 12% in European nations in 2011 (The
World Bank 2013). About half of these losses arise from the transformation
steps (Leonardo Energy 2008). Having DGs on the customer’s site can
minimize the transformation steps for on-site generation and lower the need
to purchase electricity that has to be transformed from the grid. Moreover,
the network losses will be highest during peak demand according to Joule’s
Law, when the current in the wires reaches maximum capacity. If correct
economic signals are sent to the customers, they may choose to use more on-
site generation, thus reducing losses on the grid and lessening capacity
constraints.

* In addition to the short-term benefit of reducing losses, reduced peak
demand could also help defer or displace more expensive transmission and
distribution infrastructures in the longer term. The life of existing network
assets could be lengthened through lowering the adverse impact of grid
congestions, not to mention that certain network reinforcement will be no
longer necessary if additional demand could be met by on-site generations.

* In the face of grid outages, DGs can enhance the resiliency of supply through
providing power to critical services, avoiding economic losses on the
customers’ site and contributing to the fast restart of the system. Other
benefits mentioned in prior research also include reduced fuel price volatility
and bringing economic development to local communities (EPA 2015).
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Figure 2: Average Operating Efficiency for Centralized Power Plants in the US 2003 - 20136. Source: U.S.
Energy Information Administration (2014)

6 The EIA does not distinguish between ordinary gas turbines and combined cycle
gas turbines. Therefore, the natural gas efficiency shown here is an average value.



On top of the benefits of distributed energy systems discussed above, NGDCHP have
unique advantages over other DG technologies. As a relatively mature technology,
CHPs can bring positive economic value with minimum or no government subsidies
compared with most solar, electric storage and wind projects. There are many
models and package solutions readily available on the market, which is also
different from many renewable technologies. Natural gas, as a dominant fuel in
many industrial, commercial and residential applications, is also widely accessible,
which lowers the barrier of entry for customers. Finally, compared with intermittent
energy sources, NGDCHP enjoys the benefit of controllability. Customers can take
advantage of the economic signals by more smart usage of the co-generator, which
can enhance both individual and social welfare. Research has shown that
controllable DGs have the potential to provide additional reserve power and
improve stability from reactive power and voltage support (Evans 2005).

2.1.2. Distributed Energy Resources Changing the Utility Landscape

With the development of DERs, the energy landscape today is gradually
transitioning from one of centralized generation and distribution networks that
have largely consisted of predictable and, passive loads, to a network of increasingly
decentralized generation and diverse system users. Indeed, as observed by many
researchers, the challenges in the electricity sector have shifted from the
generation/ transmission level to that of distribution, where sound planning and
tariff methodologies are needed to cope with the increasing diversity in both
consumption and generation patterns (THINK, 2013a) (Bharatkumar 2015).

DERs have initiated the transformation of customers from passive consumers in a
traditional utility business model to active “prosumers”, who both produce and
consume energy and interact with the grid. Given the increasingly diverse
technologies adopted, and the fact that the activities behind the electricity meter are
generally a black box to distribution utilities, it is no longer possible or meaningful
to continue using existing customer classification or the tariffs associated with it.

This transition has raised several interesting questions:

* How to give the correct economic signals and by doing so achieve better
performance at the system level? Here, regulators must carefully weigh
between policy goals such as economic efficiencies, cost causality and
transparency. The next section is devoted to this topic.

*  What are the optimum penetration levels of DGs and what policies are
needed to achieve that goal? To answer this question, policy makers first
need to have a better understanding of the value DGs create by, for
example, lowering system costs and CO2 emissions.

* How to better calibrate the economics of DGs from the individual
customers’ point of view? To fully release the value of DGs, the
installation and operation decisions on these technologies must take into



account various technical-economic inputs. This increases the complexity
and renders the traditional method of levelized electricity cost less
efficient. For instance, the rates applied to the services associated with
interconnection and to buy back electricity from DGs have a significant
effect on the economic viability of the projects.In a market where
electricity import and export price varies on an hourly basis, decision
makers would change their operations accordingly. But levelized
electricity price can hardly reach such granularity and thus make it hard
to compare between different scenarios. More specifically, levelized
electricity cost have to assume an average utilization rate throughout the
year, which is neither accurate nor realistic. Therefore, tools that can
model the decision making process in more detail is needed.

2.1.3. Review of NGDCHPs with Capacities up to 10MWe

2.1.3.1. Reciprocating Engines

Reciprocating engines represent a widespread and mature technology. Besides co-
generation, they are used for varied types of applications ranging from standby and
emergency power, peaking service, intermediate and base-load power.
Reciprocating engines can be characterized by two main engines designs: Spark
Ignition (SI) Otto-cycle and Compression Ignition (CI) Diesel-cycle engines. Both
have cylindrical combustion chambers, in which pistons travel the length of the
cylinders. The pistons are linked to a crankshaft by connecting rods that transform
the linear motion into rotary motion. Most engines have multiple cylinders that
power a single crankshaft. As it injects fuel and air into the cylinders where
combustion occurs, people also refer this kind of technologies as internal
combustion engine, in comparison with external combustion engines such as
sterling engines and rankine engines.

The Otto-cycle completes a power cycle in four strokes of the piston within the
cylinder (see Figure 3 for an illustration). The intake stroke takes air mixed with fuel
into the cylinder. Then the compression stroke compresses the air-fuel mixture
within the cylinder, which is ignited by an ignition source. As the combustion
process takes place, this produces pressure and heat to move the piston in the
power stroke. Finally, in the exhaust stroke the exhaust of the combustion process is
removed from the engine through the exhaust port (Willis and Scott 2000). As the
piston moves, the crankshaft rotates. This mechanical energy is used to drive a
generator. The exhaust heat, as well as the heat from the lubricating air cooler and
the jacket water cooler of the engine, is recovered using heat exchangers, and then
supplied to the heating system.
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Figure 3: Otto cycle used in internal combustion engines: Source Wills and Scott (2000)

The size of commercially available natural gas reciprocating engines ranges from
few kilowatts up to 10MWe. Reciprocating engines start quickly, have good load-
following capabilities, generally have high reliabilities given proper maintenance,
and offer a significant heat recovery potential (DE Solutions 2004).

ICEs also have good part-load efficiencies up to 50% load. As load is reduced, the
heat rate increases and electric efficiency decreases. According to (Combined Heat
and Power Partnership 2008), the electric efficiency at half load condition is
approximately 8-10% less than at full load condition. As the load decreases further,
the curve becomes somewhat steeper as Figure 4 shows.
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Figure 4: Part load efficiency performance in ICEs. Source: EPA (2008)

Although not all of the heat produced by an ICE can be captured for on-site electric
generation, by recovering it from the cooling system and exhaust process, they are
likely to have a total CHP efficiency in the 75-90% range, which tends to decrease
with higher power-to-heat ratios. According to recent manufacturers’ information
on commercially available ICEs, their electrical efficiency can range from 25% up to
45% and typically increases with the size of the unit as seen in see Figure 5. Small



systems less than 50kWe have satisfactory electric (25-34%) and thermal (51-67%)
efficiencies, while cogeneration systems with a rated power exceeding 1MWe have
electric efficiencies in the range of 36-46%. See appendix for manufacturers’ details.
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Figure 5: Electric efficiency vs. electric output for commercially available ICEs. Source: Own elaboration

Regarding the heat-to-power ratio (HPR), this value ranges from 0.6 up to 3.0
according to recent manufacturers’ database (refer to Appendix). Higher values
(1.5-3.0) are characteristics of small ICEs below 50kWe, while lower values (0.6-1.3)
are typical for ICEs units larger than 500kWe given their higher electric efficiency.
Table 2 summarizes the techno-economic parameters of reciprocating engines in
our interest’.

7 Installed capital cost consists of the total equipment cost plus installation labor
and materials, engineering, project management, and financial carrying costs during
the construction period. The cost of the basic technology package plus the costs for
added systems needed for the particular CHP application comprise the total
equipment cost (Combined Heat and Power Partnership 2008). Normally O&M costs
includes labor; engines parts and materials such as oil filters, air filters, spark plugs,
gaskets, valves; consumables such as oil; and scheduled overhauls and preventive
maintenance. These values strongly depend on the country where the product is
sold, influenced by the market conditions and particular support mechanisms. In
addition, the installed costs can vary depending on the scope of the plant equipment,
special site requirements, emissions control requirements, and whether the system
is a new or retrofit application.



Electric output range [kWe] 1.0-9,500

Thermal output range [kWth] 2.5-8,750
Electric efficiency (1) [%] 25-46

Thermal efficiency [%] 35-67

Overall efficiency [%] 73-96
Heat-to-power ratio [p.u.] 0.6-3.0

Noise (2) [dBA] 41-74

Capital cost [S/kWe] 1,400 - 3,000 if >100kWe

3,500 - 5,000 if 5 - 100kWe
6,000 - 24,000 if < 5kWe

0&M costs [S/kWhe] 0.009 - 0.022

Availability [%] >95

Hours to overhaul [hr] 25,000-50,000

Start-up time [sec] 10

Heat exhaust temperature [°C] 480 -570

Emissions [kg/MWh] NOx: 0.045 - 0.68; CO: 0.145 - 0.82; CO2: 462 - 635

Fuels Natural Gas - LPG - Biodiesel - Biogas - Fuel Oil - Butane - Sewage gas - Vegetable oil
Applications for heat recovery Process drying - Space heating Ho;:livli':\:resr Low pressure steam - Absorption
Part-load performance OK

Development status Mature technology - Commercially available

Deployment Europe, Japan, Russia, Canada, US

Sources: Own elaboration based on manufacturers datasheets, Angrisani et al. (2012), Maghanki et al. (2013), Barbieri et al. (2012), EU Joint
Research Centre (2012), EPA Report (2008) (2014), NREL (2003)

Notes: (1) LHV efficiency. (2) Noise at 1-2m of distance.

Table 2: Commercially available NG-fuelled reciprocating engines. Source: Own elaboration

2.1.3.2. Turbines

A gas turbine (also called a combustion turbine) has three major parts. The
upstream rotating compressor takes in ambient air and compresses it into higher
pressure flow. The midstream combustion chamber sprays and ignites fuel® in the
air, raising the temperature and pressure of the flow, which passes energy onto the
downstream turbine through pushing the turbine shaft. The turbine shaft is usually
connected to drive the upstream compressor as well as other energy consuming
devices such as electric generators or mechanical motors (see Figure 6).

There are mainly two different kinds of gas turbine designs: aero-derivative, i.e.
adapted aircraft engine for stationary usage; and industrial/frame structure.
Although aero-derivative gas turbines enjoy the advantage of light weight and high
efficiency, they are generally too expensive to be implemented in CHP applications.
On the other hand, frame structure turbines are widely used in industrial
applications and are technically and commercially mature.

8 For the scope of this report, we only discuss natural gas.
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Figure 6: An illustration of the gas turbine structure. Source: Thermal Power Plant Performance Analysis
(2012)

The power output of gas turbines can range from 500kWe up to 300MWe. For the
interest of this project, we only focus on the small (500kWe-1MWe) and distributed
(1IMWe-10MWe) level systems. Applications of gas turbines in this range are
becoming increasingly popular, estimated to take up more than half of the newly
installed capacities worldwide (Goncharov 2013).

Multiple factors such as ambient air pressure, maximum combustion temperature,
fuel supply pressure, load and the design of turbine internal mechanical parts, have
direct influence on the electric efficiency of the cycle of a turbine. According to
manufacturers’ product information, the electric efficiency of small and distributed
gas turbines can range from 17% up to 40% (see Appendix). Moreover, gas turbines
are designed to achieve highest efficiency on certain output levels and are thus not
as efficient during part-load operations. In such scenarios, the combustion
temperature will be lower than optimal, resulting in less utilization of energy in the
turbine shaft, as well as more NOx, CO and VOCs emissions.

A summary of the performance and costs characteristics found in commercially
available NG-fired turbines systems is shown in Table 3. The list of manufactures is
provided in the Appendix for further reference.



Electric output range [kWe] 500 - 1,000

Electric efficiency (1) [%] 16.8-40.1

Overall efficiency [%] 68 - 88

Heat-to-power ratio [p.u.] 1.0- 2.0

Noise (2) [dBA] 60-90

Capital cost [2007S/kWe] 800 - 1,900 (basic) / 1,100 - 3,300 (CHP)

O&M cost [2007S5/kWhe] 0.0049 - 0.011

Fuels Natural gas- synthetic gas- landfill gas- propane-fuel oils
rzsg\l;zf;lons eI GRS heating, hot water, LP-HP steam, drive absorption cooling or dehumidification equipment
Heat exhaust °c 360-510

termperature

Development status Mature technology - Commercially available
Part-load Performance Poor

Availability % 92-97

Start-up time minutes 0.5-10

Hours to overhual hr 25,000-50,000

Emissions ppmv NOx: 15-42; CO: 20-25; CO2: 1100-1900 Ib/MWh
Deployment Europe, Canada, US

Sources: Own elaboration based on manufacturers datasheets, EPA Report (2008) (2014)
Notes: (1) LHV efficiency. (2) Noise at 1m of distance.
Table 3: Commercially available NG-fired Turbine systems. Source: Own elaboration

2.1.3.3. Microturbines

The functioning principle of microturbines is very similar to that of gas turbines.
The centrifugal compressor compresses the inlet air and the air is mixed and
combusted with fuels spread in the combustor. Gas expands and drives the turbine,
which provides power for the generator and compressor (see Figure 7). The main
differences with respect to turbines are the single stage turbo machinery design and
the use of an internal heat exchanger called the recuperator. Unlike their large gas
turbine counterparts who have multi-stage axial turbines and compressors,
microturbines are based on single stage radial flow compressors and turbines. This
results in lower electric efficiency and higher rotation speed of the shaft. Therefore,
most microturbines have recuperators that use heat from exhaust gas to preheat the
inlet air flow, which can improve electric efficiency. Moreover, very high rotation
speed (1,600Hz for example) requires either complex power electronics or an
additional shaft to generate standard 50/60Hz AC.

A single microturbine typically has a power output ranging from 30-300kWe, which
falls in the category of mini- and micro-systems. There are also modules available in
the market, which combine several turbines together to provide power up to 1IMW?.
Microturbines without recuperators can only achieve an electric efficiency of 14-
15%, lower than their gas turbine counterparts as a result of lower combustion
temperature. On the other hand, recuperators can more than double the electric
efficiency but can lower the power output by 10-15% compared to those without
the recuperator, as the preheating process lowers the unit mass of inflow air.

9 The Capstone C1000HP for instance.



Microturbines generally show good part-load performance since they are less
sensitive to changes in combustion temperature.
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Figure 7: An illustration of the microturbine structure. Source: EPA (2008)
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A summary of the performance and costs characteristics found in commercially
available NG-fired microturbines systems is shown in Table 419. The list of
manufactures is provided in the Appendix for further reference.

Electric output range [kWe] 3-1,000

Electric efficiency (1) [%] 15-33

Overall efficiency [%] 68 - 88

Heat-to-power ratio [p.u.] 1.3-5.0

Noise (2) [dBA] 65

Capital cost [S/kWe] 1,300 - 1,400 (basic) / 2,500 - 4,400 (CHP)

O&M cost [2007$/kWhe] 0.01 - 0.02

Fuels Natural Gas - Biogas - Flare gas - Diesel - Propane - Kerosene
Applications for heat recovery Space heating - Hot water - Low Pressure Steam
Heat exhaust termperature °C 270-310

Development status Mature technology - Commercially available
Part-load Performance oK

Availability % 95-99

Start-up time minutes 1-2

Hours to overhual hr 20,000-40,000

Emissions ppmv NOx: 4-9; CO: 5-40; THP: 5-9; CO2: 1400-1700 Ib/MWh
Deployment Limited market growth - Only 3 manufacturers

Sources: Own elaboration based on manufacturers datasheets, EPA Report (2008) (2014)
Notes: (1) LHV efficiency. (2) Noise at 10m of distance.

Table 4: Commercially available NG-fired Microturbine systems. Source: Own elaboration

2.1.3.4. Stirling Engines

Stirling engines work by alternatively heating and cooling a working gas and the
combustion process takes place externally in a separate burner. The working fluid --
usually nitrogen, hydrogen or helium -- is enclosed within a hermetically sealed
pressure vessel. Heat is provided at a constant temperature at one end of a cylinder

10 The capital cost analysis is severely limited by the data availability as a result of
recent industry shakeout. Many of the models that were in the market are no longer
sold. Therefore, we estimated the cost based on information from various sources.
See our process in the Appendix



(the hot end), while heat is rejected at a constant temperature at the opposite end
(the cold end). Work is created as the expanding gas pushes against a piston. The
working gas is transferred back and forth between the two chambers, often with the
aid of a displacer piston (see Figure 8 and 9). While the gas moves from the hot to
the cold chamber, a regenerator captures the heat from the gas and then returns the
heat to the gas as it moves back to the hot chamber, which enhances the energy-
conversion efficiency of the process.

Stirling engine

o Stirling head

B Heat exchanger fins
B Regenerator

O Displacement piston
B Water-cooled area
O Main piston

B Magnetic mantle

0 Copper coil

Gas Burner Heating Section

Water Cooling Section

Linear Alternator

Figure 9: Free Piston Stirling engine Hybrigen SE. by KD Navien

Since this technology is based on an external combustion system, it is possible to use
different primary energy sources including fossil fuels (oil, natural gas) and even
renewable energy sources (solar, biomass). This flexibility is one of the attractive
features of these engines, and since the combustor is independent of the power
section of the engine, it is possible to achieve low emissions and optimum heat
transfer to the hot end (Goldstein 2003).

The size of natural gas Stirling engines ranges from typically 1kWe up to 10kWe,
with most of the commercially available technologies having an electrical output of
1kWe, while other technologies still under development.

Stirling engines have good performance at partial load, offer fuel flexibility, have low
emissions level and have low vibration and acceptable noise levels. However,
compared to reciprocating engines, these engines need a few minutes to warm up,



have very low electric efficiency, and have a more complex power control system
(Angrisani et al., 2012). The electrical efficiency is relatively low compared to other
NG distributed generation technologies, ranging from 12 up to 25%.

A summary of the performance and costs characteristics found in commercially
available NG-fired SE systems is shown in Table 511.

Electric output range [kwWe] 1.0-9.0

Thermal output range (1) [kWth] 3.0-30.0

Electric efficiency [%] 12-25

Thermal efficiency [%] 70-83

Overall efficiency [%] 90-96

Heat-to-power ratio (2) [p.u.] 2.8-6.9

Noise (3) [dBA] 46 - 65

Capital cost [S/kWe] 10,000 - 21,000

O&M costs [S/kWhe] -

Availability [%] -

Hours to overhaul [hr] 40,000-60,000

Start-up time [min] ~ minutes

Heat exhaust temperature [°C] -

Emissions [kg/MWh] NOx: 0.05; CO: 0.08

Fuels Natural Gas - LPG - LNG - Biogas - Biofuel - Wood Pellets - Lanfill Gas - Solar

Applications for heat recovery Space heating - Cooking - Potable hot water - Low temperature processes (below
140°F)

Part-load performance OK

Development status Under development - Some models already market-ready

Deployment Europe, Japan, Korea, Russia, China

Sources: Own elaboration based on manufacturers datasheets, Angrisani et al. (2012), EPA Report (2008) (2014), NREL (2003), Hawkes and Leach
(2008), Houwing (2010)

Notes: (1) With supplementary firing. (2) Based on engine outputs.(3) Noise at 1-2m of distance.

Table 5: Commercially available NG-fuelled Stirling engines. Source: Own elaboration

11 Cost figures for SEs are quite dissimilar based on the little information available.
EPRI (2009) states prices that range from 10,000 up to 21,000$/kWe with a long-
term target price of about 4,500-10,000$/kWe. Angrisani et al. (2012) notes that the
cost of SE systems decreases as the electrical capacity of the system increases, with
a cost value higher than 6,500$/kWe for a system smaller than 2kWe. and Leach
(2008) estimate the cost to be above 4,000$/kWe based on the expected
performance of mature systems, while Houwing (2010) estimates a price above
7,000$/kWe based on expected prices at market introduction. Given the
uncertainties related to expected price achievable when the technology matures, we
are using the cost for commercially available technologies.



2.1.3.5. Fuel Cells

Unlike other generation technologies that we have covered, which need to first
convert energy into heat through combustion, fuel cells use an electrochemical
process that directly converts the chemical energy of hydrogen into electricity,
making the conversion more quite, efficient and environmentally friendly. A fuel cell
system is typically composed of four primary subsystems: the fuel cell stack that
generates direct current electricity; the fuel processor that converts and purifies the
fuel (i.e. natural gas) into a hydrogen-rich feed stream; a power conditioner that
processes the electric energy into alternating current or regulated direct current;
and a heat recovery system in CHP applications (Carter and Wing 2013).

As shown below, a fuel cell has a pair of cathode and anode that pass charged ions in
an electrolyte to generate electricity and heat. However, a single operating fuel cell
can only provide a voltage between 0.55-0.80 volts, insufficient to power most
appliances. Therefore, fuel cells are usually combined into electrical series --i.e. fuel
cell stacks-- to achieve higher output voltages. Typically, there are several hundred
cells in a single cell stack (Combined Heat and Power Partnership 2008).
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Figure 10: An illustration of the structure of a fuel cell. Source: Energy Nexus Group

Reformers can be categorized into 3 types: steam reformers, auto-thermal
reformers, and partial oxidation reformers. The fundamental difference is the
source of oxygen used to combine with the carbon within the fuel. However, some
fuel cells (e.g. Solid Oxide Fuel Cells, which will be discussed later) that operate at
high temperatures can reform the molecules internally without the help of external
fuel processors. While such a process can be more complex and harder to contro], it
is believed by many to be the more competitive technology in the future.

There are six different sub-categories of fuel cell technologies based on the
electrolyte or ion conduction material being utilized, and their application scenarios
include stationary, transportation and portable generators. Four technologies are
suitable and currently commercially available for stationary combined heat and
power applications: phosphoric acid (PAFC), molten carbonate (MCFC), solid oxide
(SOFC), and proton exchange membrane (PEMFC). PEMFC is currently the most
competitive in small residential applications and requires additional reformers to



generate, purify and store hydrogen. On the other hand, MCFC and SOFC are for
larger stationary applications (although SOFC has small applications as well) and
they do not need fuel processors. The other two additional primary fuel cell types --
direct methanol (DMFC) and alkaline (AFC)-- are used primarily in transportation
and non-stationary fuel cell applications, which is beyond the scope of this analysis.
A more detailed comparison between the four technologies and their global
shipment is shown in Table 6 below.

PEMFC PAFC MCFC SOFC
H” ions (with anions | H” ions (HsPO. CO; ions (typically, | O ions (Stabilized
Type of Electrolyte bound in polymer solutions) molten LiKaCO3 ceramic matrix with
membrane) eutectics) free oxide ions)
Solid polymer Liquid phosphoric | Solution of lithium, | Solid ceramic,
membrane acid in a lithium sodium, and/or Yttria stabilized
Common Electrolyte aluminum oxide potassium zirconia (YSZ)
matrix carbonates soaked
in a ceramic matrix
il Etraes) Plastic, metal or Carbor.w, porous High temp mgtals, Ceramic, high temp
carbon ceramics porous ceramic metals
knternal reforming No No Yes, good temp Yes, good temp
match match
Oxidant Air to O, Air to Enriched Air | Air Air
Operational 150- 180°F (65-85°C) | 302-392°F (150- 1112-1292°F (600- 1202-1832°F (700-
Temperature 200°C) 700°C) 1000°C)
DG System Level 25 to 35% 35to45% 40 to 50% 45 to 55%
Efficiency (% HHV)
Primary Contaminate CO, Sulfur, and NH3 | CO < 1%, Sulfur Sulfur Sulfur
Sensitivities

Table 6: Characteristics of Stationary Fuel Cell Types. Source: DOE Fuel Cells Technology Program

The power output of fuel cells range from 1 to 2,000 kW, which covers all the
categories of our interest, i.e. mini, micro, and small distributed systems. The
electric efficiency is influenced by factors such as ambient temperature, site
elevation, operating temperature and the type of fuel cell under analysis. It is given
by the various efficiencies of each individual section such as fuel processing, H2
utilization, stack and electric conversion efficiencies. According to manufacturers'
product information, the electric efficiency of different fuel cells range from 38-62%,
at ISO conditions of 25°C and 0.987 atmospheres (1 bar) pressure. As a rule of
thumb, electrical efficiency increases as the operating temperature of the fuel cell
increases. For instance, SOFC fuel cells have the highest operating temperatures and
they also have the highest electric efficiencies. But the tradeoff is more expensive
materials and shorter lifetime. The electric efficiency is relatively steady down to
one-third to one-quarter of rated capacity. This provides systems with a good
potential to follow the load. However, MCFC and SOFC fuel cells require long heat-up
and cool-down periods, which can restrict their ability to operate in many cyclic
applications. This is less of a concern for PEMFCs.



A summary of the performance and costs characteristics found in commercially
available fuel cells is shown in Table 7. A table of characteristics of each fuel cell
technology and a list of previous fuel cell CHP projects are provided in the Appendix
for further reference

Electric output range [kWe] 1-2,000

Electric efficiency (1) [%] 38-62

Overall efficiency [%] 80-95

Heat-to-power ratio [p.u.] 0.5-1.2

Noise (2) [dBA] 60

Capital cost [2007S/kWe] 4,600- 23,000

O&M cost [2007S/kWhe] 0.032-0.038

Fuels Hydrogen-Natural Gas-Propane-Methanol
Applications for heat recovery Space heating - Hot water - Low and Medium Pressure Steam
Heat exhaust termperature °C 100-700

Development status Immature technology - Commercially available
Part-load Performance Good

Availability % >90

Start-up time hours ’ 3-48

Hours to overhual hr 32,000-64,000

Emissions ppmv NOx: <1; CO: <2; THP: 5-9; CO2: 180-250 kg/MWh
Deployment small but growing

Sources: Own elaboration based on manufacturers datasheets, EPA Report (2014)
Notes: (1) LHV efficiency. (2) Noise at 10m of distance.
Table 7: Fuel Cell Performance and Costs Characteristics

2.1.3.6 Summary of Technologies Used in Simulations

Table 8 and Table 9 below each show 10 different technologies that have suitable
sizes for the industrial and multi-family cases respectively (discussed in the next
chapter). Preliminary research show that the economically optimal unit size of the
technologies should be close to the average energy load. For instance, a 10 MW gas
turbine is obviously too large for a residential application while per kW capital cost
would be too high if an industrial user installs 100 units of a 10 kW technology
instead of a single 1 MW technology. All technologies listed are real models available
on the market and the technical characteristics are retrieved from manufacturers’
website and (Combined Heat and Power Partnership 2014).



Max Lifetime Capital 0&M Electric Efficiency Hea.t-to-Power
Power Cost Ratio
[kWe] [yr] [US$/kWe]  [US$/kWhe] [pu] [pu]
T1 Internal Combustion ,,, 10 1433 0.0085 0.416 0.84
Engine
T2 Internal Combustion ., 10 1801 0.016 0.404 0.94
Engine
T3 Internal = Combustion ., 10 2366 0.018 0.368 1.10
Engine
T4 Internal Combustion ., 10 2837 0.02 0.345 1.29
Engine
T5 Gas Turbine 3304 10 3281 0.0126 0.240 1.75
T6 Gas Turbine 7038 10 2080 0.0123 0.289 1.43
T7 Gas Turbine 9950 10 1976 0.012 0.273 1.54
T8 Steam Turbine 500 10 668 0.01 0.063 8.70
T9 Micro Turbine 1000 10 2500 0.012 0.295 1.37
T10 Fuel Cell 1400 12 4600 0.04 0.425 0.94

Table 8: Summary cost and performance characteristics for technologies in the industrial case!2

- Capital Electric Heat-to-Power
Max Power Lifetime Cost 0&M Efficiency Ratio
[kWe] [yr] [US$/kWe]  [US$/kWhe] [pu] [pu]
T1 ~Internal  Combustion ., 10 2900 0.024 0.270 1.96
Engine
T2~ Internal  Combustion ,, 10 3870 0.024 0.310 1.64
Engine
T3 ~Internal  Combustion . 10 3220 0.013 0.220 1.97
Engine
T4 ~Internal  Combustion ., 10 3150 0.016 0.267 1.37
Engine
T5 Micro Turbine 30 10 4300 0.013 0.220 2.2
T6 Micro Turbine 65 10 3220 0.013 0.238 1.95
T7 Fuel Cell Solid Oxide 15 12 23000 0.055 0.544 0.4
T8 Fuel Cell MCFC 100 12 10000 0.045 0.470 1.00
T9 Fuel Cell PAFC 100 12 7000 0.036 0.343 1.20
T10 Stirling Engine 1 10 10000 0.019 0.20 3.00

Table 9: Summary cost and performance characteristics for technologies in the multi-family building
case

2.2. Tariff Design

2.2.1. The Process and Principles for Tariffication

Electricity tariff is generally determined in four steps, including estimate of cost
components, specification of the tariff structure, cost component assignment and

12 A]l costs are in US dollars as shown in manufacturers’ brochure. Converted to

Euro using an exchange rate of 0.8 (early 2014 level).



computation for each end-user (Alt 2006) (Reneses, Rodriguez and Perez-Arriaga
2013). In a traditional central planning system, for example, the whole process
begins with utility companies providing regulators with their asset basel3 and
detailed proposal on capital and operation & maintenance costs in the next period.
Regulators will examine the estimated cost components and approve the portions
that are deemed prudent, which serve as the basis for the calculation of utilities’
total collectible revenues%. Then the regulator should determine how the tariff
structure should look like. For instance, a flat volumetric price is applied to
residential customers in many power systems, which means that cost of distribution
network is bundled together with that of surcharges, generation costs and taxes.
Thirdly, the total recoverable costs in each service category are allocated among and
within different customer classes, i.e. residential, commercial and industrial ones,
based on their estimated contribution!®. For instance, for residential customers, the
energy related costs are allocated based on their share of total electricity
consumption in the system, and the energy charge is calculated by dividing the
energy cost by the total kWh of electricity consumed by residential end-users over
the billing period.

There are multiple principles and objectives that guide a well-designed tariff
(Bonbright 1961) (Ignacio Perez-Arriaga 2013):

* Adequacy: the tariff must provide the utilities to sufficiently recover their
prudently incurred costs, so that the functioning of the system is sustainable.

* Economic efficiency: economic signals should be sent to customers to
incentivize behaviors that can lower system costs.

* Cost causality/ cost-reflectivity: costs should be allocated to those who cause
them to be incurred.

e Equity: the tariffs should not be discriminatory, and should apply the same
method to determine charges for all network users.

* Transparency: the method utilized to compute the costs and tariffs should be
publicized and made easily available.

* Simplicity and stability: the tariff should, if possible, be easy to understand to
both end users and utilities, and should be stable enough to reduce
regulatory uncertainties.

However, there are internal conflicts amongst these criteria and regulators have to
make tradeoffs between these principles. For instance, under certain assumptions,

13 That is prior year investments, which are depreciated over time and are allowed
to be recovered.

14 Regulators will also allow “reasonable” profit as part of the revenue to the utility
companies, and at the end of the billing period, review and verify these costs.

15 Although other considerations may also factor in. For instance, in many countries,
industrial users are given favorable treatment as governments consider their
competitiveness critical to the economic well-being of the country.



optimal efficiency could be achieved through marginal prices (Reneses, Rodriguez
and Perez-Arriaga 2013). But in many cases, such a pricing mechanism cannot
recover all costs associated with distribution and transmission networks, which
violates the criteria of adequate remuneration.

2.2.2. Old Network Tariffs Create Perverse Effects in Face of DER penetration

Since the reform of the UK power sector in 1990, the mechanism on the national
wholesale and transmission level have been adequately addressed in the European
electricity market!6, and many efforts have drifted to distribution network charges
as the penetration of DERs has posed both opportunities and challenges to this area
(THINK 2013a) (Bharatkumar 2015).

Old tariff structures and mechanisms are facing more and more criticisms such as
the lack of economic efficiencies, cross-subsidization among network users,
institutional barriers and business model arbitrage of rate, just to name a few. A flat
volumetric-only tariff may not incentivize an optimal installation and operation of
DERs that can lower the cost on the system level. Periods of generation may not
coincide with that of peak consumption on the grid, and therefore, the potential
benefit of congestion alleviation may not be fully realized. A more perverse effect
takes place if this approach is conjugated with a standard net metering mechanism.
It is possible that network users without onsite generation will be in effect
subsidizing those who have DGs. For example, a customer could entirely offset the
electricity imported from the grid if producing and exporting enough electricity
using DGs, which means that he or she would avoid paying for not only the energy
imported, but also the transmission and distribution services provided by the
network company. In this case, the lost revenue will be socialized and bore by other
customers so that utilities can recover their total capital and operational costs.

Moreover, traditional rates remunerate electricity suppliers largely based on the
amount of energy delivered. Therefore, energy suppliers will lose revenue if
customers choose to generate on-site and purchase less electricity from the grid.
This gives utilities less incentive to support DER programs. Realizing this problem,
many regulators have been experimenting with a variety of rate designs and charges
to offset the reduced revenues and margins of the utilities (EPA 2015). But many of
these mechanisms can create unwarranted barriers to the DG adoption. For
instance, exit fees are sometimes allowed, especially in markets experiencing
restructuring of the utility sector. The idea is that utilities recover incurred fixed
costs from departing loads, so that these costs are not shifted onto remaining
customers. Nevertheless, the costs incurred and revenues recoverable by the
utilities are affected by many factors, and departing loads may not necessarily be the
reason for either the declining revenue or the incurred fixed costs. This additional
charge may be seen as arbitrary and in effect elevates the threshold for DG projects.

16 Improvement on interconnection between states is still ongoing.



Another mechanism is standby charges, which covers the additional costs to supply
intermittent services to customers when DG is unavailable. The underlying
assumption is that DG users may require significant power when the electricity is
scarce and at a premium price. However, the probability and severity of such
extreme conditions may be low and do not warrant the rates that utilities are
claiming. As a result, better tariffication methods are needed to more accurately
recognize and reflect the benefits and costs DGs bring to the system.

2.2.3. A New Proposal of Tariff Framework

Many governments, utilities and academia agree that new rate designs should
“decouple” utility revenues from pure sales volume; however, there is little
agreement on the specific tariff structure and cost allocation. In a recent publication
by researchers of the European University Institute, a new framework for
distribution network use-of-system (DNUoS) was proposed (Ignacio Perez-Arriaga
2013). The core idea of this framework is to allocate costs according to cost driver
profiles, which are the key factors that contribute to the total cost of the system.
Besides the criteria of having relevant impact on the network cost, meaningful cost
drivers should also be easy to measure and related to customers’ decisions on
where and how to consume (Rodriguez-Ortega 2008). The premise is that, by
sending signals to customers on how their behavior impact system costs and their
share of those costs, higher efficiency as well as better equity could be achieved.
This approach is different from current practices in the industry where users are
charged for average rates computed for a pre-determined class and region. It is
believed that such a mechanism is better suited for an environment where
customers’ energy production and consumption profiles continue to diversify. A
subsequent paper further developed this framework and proposed steps to allocate
total collectible revenue among customers during a specific period (Bharatkumar
2015). As is shown in Figure 11, after the determination of the revenue requirement,
the total network cost is split at each voltage level by each cost driver, and then
further split across regions. Finally, the figure is used to calculate the rates for each
end-user in the region according to their profiles.
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Figure 11: Cost Allocation Under the Proposed DNUoS Method. Source: Bharatkumar (2015)

The power of this framework relies upon the capability to identify and calibrate the
cost drivers at the system level, as well as allocatr the costs based on individual
customers’ utilization profiles. Traditionally, the magnitude of time and resources
needed for a detailed cost service study has rendered this approach not practical.
However, the recent development of tools like the Reference Network Model (RNM)
and the introduction of smart metering have empowered regulators and the
industry to adopt this method.

The performance and costs of advanced metering technology have improved over
time, which have made possible their rollout in the distribution network. Moreover,
recent regulatory policy and directives are accelerating the buildup of such
information and communication infrastructures (European Commission 2012)
(Eurelectric 2013)'7. Therefore, it is likely that smart meters will have significant
penetration in the near future.

17 For instance, it is required at least 80% of the consumers be equipped with smart
metering systems by 2020 where the rollout is assessed positively.



On the other hand, distribution system planning models such as RNM have been
utilized by both the industry and regulators to aid the process of prudent network
investment assessment. This large-scale distribution planning model can
automatically extract geographic and customer distribution information from
satellite images and estimate fixed and variable costs of the network according to
the technological and economic characteristics of various network components.
RNM can serve as a handy tool for cost determination and allocation. A detailed
description of this model can be found at (Domingo and Roman 2010) and its
application in the context of DNUoS can be found at (Bharatkumar 2015).

2.2.4. Related Research

This thesis focuses on quantitatively assessing the attractiveness of NGDCHP
technologies under various regulatory, economic and technical settings. It not only
looks at the optimum economic value of CHP to individual customers, but also peak
loads and environmental impacts at the system level. Prior research in this area is
limited. Some authors have focused on the impact of large-scale CHP deployment on
the distribution network costs, technical effects and reliability gains (Thomson
2008) (Cossent 2009), without addressing the economic value and incentives to the
end-users. Others have examined long term planning and short-term operational
effects of having important volume of CHPs, but did not examine in detail how
various tariff structures could influence the conclusions (Tapia-Ahumada 2011).
There have been also analysis on how rate structure affects the electricity savings
for CHP projects, but they only focused in the United States and did not take into
account detailed operational decisions of the DGs (Miller, Haefke and Cuttica 2012)
(EPA 2006).



3. Representation and Modeling Methodologies
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Figure 12: The research process

In Figure 12, we depict the framework of the research process. Through detailed
and comprehensive literature research, we accrue three categories of raw data:
energy-related data, market conditions, and technology characteristics. In the
second step, we transform this raw data into inputs that the Distributed Energy
Resource Customer Adoption Model (DERCAM) uses. For instance, energy-related
raw data such as weather, building design and end-user demand patterns are used
to derive the hourly electric and heat loads through eQUEST simulation software.
Then, these time series datasets are cleaned and summarized using a MATLAB code,
whose output is directly readable by DERCAM. On the other hand, technology and
market information is synthesized and transformed into different technology and
market scenarios. To efficiently run a large amount of scenarios, we developed
overarching control software that functions a loop control to automate multiple
runs on DERCAM. Finally, we use excel and VBA models to interpret and summarize
the output of each DERCAM run.

We have addressed the economic and technical characteristics of different CHP
systems in the previous chapter. In the following sections in this chapter, we will
first introduce the DERCAM and eQUEST models. Then, we will construct a
residential case and an industrial case. Next, we will quickly review the current
market conditions in EU and more specifically those in Germany, and explain in
detail how different scenarios are constructed. Finally, we conclude this chapter by
highlighting the key assumptions adopted in our methodology.



3.2. A Description of DERCAM

The Distributed Energy Resources Customer Adoption Model is an economic and
environmental optimization tool developed by the Laurence Berkeley National Lab
(LBNL) and funded by the U.S. Department of Energy. DER-CAM has been evolving
and improving for more than a decade and has multiple versions tailored for
different objectives. In the version used for this thesis, the objective function is set
to minimize the total energy related cost of utility customers by adopting various
optimal distributed energy technologies and their respective operating schedules.
The model is based on mixed integer linear programing and utilizes CPLEX as a
solver (Cardoso, Stadler and Bozchalui 2014).

Objective Function: min. Annual Energy Bill

Annual Energy Bill =

Energy and Service Purchase costs + Amortized DER Technology Capital Costs +
annual O&M costs — Energy Sales — Incentives

Equation 1 Objective Function of DERCAM

The figure below illustrates the structure of DER-CAM. The model takes into
consideration end-user load profiles, market information and DER technologies and
their relevant characteristics, etc. and chooses the optimal installation and
operation of generation technologies. Other key outputs include emissions, fuel
consumption and total energy costs.
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Some of the main inputs can are as follows:



* Customers’ typical hourly end-use load profiles such as electricity-only, gas-
only, space heating, hot water, cooling and refrigeration loads on weekdays,
weekends and peak time slots;

* Electricity and gas tariffs;

* Incentives for various technologies, such as feed-in-tariffs or capital
expenditure remunerations;

* Economic features of different DER technologies, such as capital cost,
operating and maintenance cost and lifetime;

* Performance characteristics of these DER technologies, e.g. heat-to-power
ratio, electric efficiency and maximum power;

¢ System or regulatory constraints, such as minimum CHP efficiency, maximum
payback period and maximum operation hours in a given year.

Considering the computational complexity and the research questions, several
assumptions have been made. To begin with, the customers are assumed to be price
takers and their behavior is not expected to influence the overall utility system. In
other words, the model does not consider the dynamic interplay between the
market and individual customer’s behavior, which is a reasonable assumption when
the penetration rate of DERs is low or the market price is insensitive to the overall
demand. Moreover, the heat-to-power ratio and electric efficiency of the generating
technologies are not variable in accordance to their output. Thirdly, decisions are
made based only on economic criteria, which mean that customers’ sole goal is to
minimize their total energy bill!8.

In order to facilitate the analysis of a time-dependent energy price, this thesis
implemented an hourly tariff feature in the original DERCAM code. Certain changes
also took place in the data input, constraint and objective functions.

3.3. eQUEST and the Construction of Load Profiles

eQUEST is a building design and energy simulation tool supported as part of the
Energy Design Resource program19 (James J. Hirsch & Associates 2004). It gives
designers and researchers the capability to perform detailed energy analysis of
different building designs in a relatively simple and intuitive way.

DOE-2 is the simulation “engine” with in eQUEST. It is the most widely recognized
and utilized building energy analysis software on the market. Its origins can be
traced back to 1970’s, when ASHRAE, NASA, the U.S. Postal Service and the electric

18 For more information about DER-CAM, readers can refer to the website:
https://der.lbl.gov/der-cam and https://building-microgrid.lbl.gov/projects/der-cam
19 Funded by California utility customers and administered by Pacific Gas and
Electric Company, San Diego Gas & Electric, and Southern California Edison, under
the auspices of the California Public Utilities Commission




and gas utility industries first funded and developed such a program. Since then, it
has been widely applied and validated under various scenarios.

eQUEST adopted the latest version of DOE-2 and made multiple expansions and
improvements. It added a building creation wizard, an energy efficiency measure
wizard, a graphical results display model and industry standard input defaults to the
basket, which not only streamlined the simulation process but also made the results
more reliable and comparable.

The first step of the simulation is to develop a model of the building under
consideration. The default design and schedule assumes a minimum level of
efficiency?0. Researchers/ designers can make changes to adjust to different
requirements/ situations in other regions. More specifically, users input detailed
information of the building utilization schedule and design parameters, such as
occupant schedule, lighting, equipment, thermostat settings as well as building
envelope, HVAC control, shading and fenestration, etc?l. The software generates
hourly building energy consumption over 8760 hours (a year) based on weather
data of the location chosen. Later on, researchers can use the built-in economic
analysis tools to see how building design changes can impact the payback period
and life cycle costs. A detailed data requirement for a complete simulation on
eQUEST can be found in the Appendix?2.

For the interest of our research, we mainly utilized the energy load simulation
capability to simulate two cases in Berlin: a medium size factory and a multi-family
building. This provides us with hourly energy consumption data broken down into
categories such as domestic hot water, lighting, heating, cooling and refrigeration,
etc. This information is then taken in by a MATLAB code, which generates the load
profile in “typical” time slots that can be read by DERCAM. A brief description of
these two cases is shown in Table 10.

20 Conforming to California Title 24 or ASHRAE 90.1, for example.

21 The appliance data is extracted from the following link:
http://www.kingslocal.net/Departments/Business/Documents/Appliance_energy_con
sumption.pdf

22 For more information, readers can refer to eQUEST official website:
http://www.doe2.com/equest/ and the EDR Building Simulation Design Brief
http://www.energydesignresources.com/Resources/Publications/DesignBriefs.aspx.



Multi-family House

Size: 150,000 ft2 ( ~15,000 m2)
Floors: 20 - 30 families/floor (3 persons per family)* 8 floors
Total Annual Energy Consumption: 1655 MWh
Total Heat Load: 893 MWh (54%)
Total Electric Load: 762 MWh (47%)
Average Heat Load: 103 kW
Average Electricity Load: 88 kW
Average Heat-to-Power Ratio Load: 1.17
Average Energy Consumption: 110 kWh/m2-yr

Food Processing Factory

Total Annual Energy Consumption: 100,976 MWh
Total Heat Load: 53,922 MWh (53%)
Total Electric Load: 47,054 MWh (47%)

Average Heat Load: 6,155 kW

Average Electricity Load: 5,372 kW

Average Heat-to-Power Ratio Load: 1.146

Table 10 Key Features of the Two Cases Under Consideration. Source: Self-generated using eQUEST

The multi-family building consumes 1.6 GWh end-use energy each year, 54% of
which is for heating and hot water, typical in Northern European nations. The
average 110 kWh/m2-yr energy intensity figure is also in line with the results of a
survey on average residential customer in Germany (Economidou 2011)23. The peak
load profile from January to June is shown in Figure 13, which displays a

representative intraday and seasonal variation for residential customers.

23 Apartments and houses built in different times show very diverse heating

requirement as a result of improving building standards over time. We are assuming

arelatively new apartment built after 2010 in this case.
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Figure 13 Peak Energy Demand of the Sample German Multi-family Building from January to June (KW).
Source: Self-generated using eQUEST

On the other hand, we modeled a relatively large food-processing factory connected
at distribution level that consumes 100GWh end-use energy each year. This case is
constructed by adding the industrial process energy load on top of the non-process
energy consumption load of a regular one-floor building. The representative
industrial electricity-only, gas-only, heating and refrigeration process loads are
shown below in Figure 14. The total energy consumption data is from a case study
provided by Eni Corp., and the load profile is constructed based on (Starke and
Alkadi 2013).
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Figure 14 Process Energy Demand (kW) for The Industrial Consumer. Source: Self-generation according
to various data

3.4 Market Data

3.4.1 Gas Price

European nations have significantly different retail gas prices, with the level of the
prices paid in the most expensive members being several times that paid in the
cheapest ones. In general, the difference is greater for the households than for
businesses, and there is indication that the gap has widened in recent years (EC
2014). A more detailed discussion is presented in the next Chapter.

For Germany, there is one gas exchange market named European Gas Exchange
(EGEX). As shown in Figure 15, the natural gas price for both households and
industries in German has declined between 2008 and 2012. Given the total gas
demand of the multi-family building and the food-processing factory, the gas price
has been set at 3.38 Euro cents/KWh and 4.93 Euro cents/KWh respectively?
(Bundesnetzagentur 2014) (Eurostat 2015). In addition, a 40% tax and levy rate has
been applied.

24 Corresponding to the residential band: annual consumption >200G]J, and the
industrial band: 100,000G]< annual consumption < 1,000,000G]
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Figure 15 Representative German Natural Gas Price Change by Components 2008-2012 (in Euro
cents/KWh). Source: EC, EPCR metadata (2013)

3.4.2 Electricity Tariff

The average prices that European customers pay for electricity reflect various
elements that intend to reflect energy costs, network costs, and other costs that
reflect various government policies, ranging from taxation, surcharges to wholesale
price pegging. Despite the diverse organizations and tariff structures, the cost
components that customers bear can be categorized in general into three major
elements (shown in Figure 16).

The energy element of the bill consists of two sub-categories: a wholesale part that
reflects the costs incurred to deliver energy to the grid, and a retail part that covers
the costs related to the sale of energy to the end-users. The wholesale part includes
fuel acquirement costs, as well as CAPEX and OPEX for the central power plants. For
simplicity, this element can be assumed to be only related to the volumetric quantity
of electricity consumed by the customers.

The network element represents the costs associated with the transmission and
distribution networks. It includes the infrastructure costs, maintenance costs, as
well as system services (e.g. standby generation capacity and contingency reserves)
and losses. The cost drivers associated to these costs could be complicated to
determine, which is further discussed below.

Finally, taxes, levies and regulatory charges may be applied on top of the baseline
costs. Taxes generally include value added taxes (VAT) and excise duties. Levies can
be related to public services obligations, and technology support on the local level.
Regulatory charges are used to support renewable energy programs, recover
stranded assets or implement smart meters (SWD 2014). These costs are assumed
to be proportional to the baseline costs.
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Figure 16 Elements of Consumer Prices. Source: SWD (2014)

3.4.2.1. German Tariff Overview

The Federal Network Agency for Electricity, Gas Telecommunications, Posts and
Railways (known as Bundesnetzagentur) is the German national regulator. The
German market can be seen as relatively competitive both on the wholesale and the
retail levels. The wholesale prices on the spot and forward markets have been
drifting downward over time. Electricity customers can also choose among a large
number of suppliers, with the supplier-switching rate being one of the highest in
Europe (EC 2014). Despite these favorable factors, however, the retail prices --
especially those for residential customers-- have been increasing in recent years
(see Figure 17), making its electricity one of the most expensive ones in Europe. For
instance, according to a survey conducted by the Bundesnetzagentur, taxes
(electricity and VAT) accounted for 27.9% of the baseline costs for an industrial
player with annual electricity consumption of about 20 GWh, and the sum of all
levies and surcharges under the EEG, KWKG, section 19 StromNEV and for offshore
liability, as well as concession fees amounted to approximately 32.3% in 2013
(Bundesnetzagentur 2014).
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Figure 17 Electricity price change by components 2008-2013 (in Euro cents/kWh). Source: Eurostat
(2014)
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There are two main logics behind this trend: to incentivize rational use of energy
and internalize externalities, and to socialize the costs of supporting renewable
energy systems. For instance, the Renewable Energy Sources Act (EEG) created a
surcharge that was first added to electricity bills in 2000, as part of the
Energiewende, or Energy Transition (SWD 2014). The aim of this policy is to meet
Germany’s renewable energy goals of 18 to 19.6% of electricity consumption in
2020, 40-45% in 2025 and 55% to 60% in 203525. However, this charge has always
been controversial because of its escalating costs?®, serious impacts on the poor, and
the doubtful legitimacy of exemptions to certain industries.

The volumetric data for industrial and household customers shown in Table 11 is
used to construct the tariff adopted in this thesis?7.

Industrial Household Business
customers customers customers
Average Electricity Charge (Euro ct/kWh)  17.17 29.38 26.74
Network element 10% 22% 22%
Energy element 29% 29% 28%
Tax, Levies and Surcharges element 60% 49% 51%

25 The German RES target under the Renewable Energy Directive 2009/28/EC.

26 The EEG surcharge has increased to 6.42 Euro cents/ kWh in 2014. Available at
http://oneinabillionblog.com/energy/renewable-energy/dissecting-germanys-eeg-
surcharge/

27 Corresponding to the industrial band: 20,000 MWh < Consumption < 70,000
MWh, and the residential band: Consumption > 15,000 kWh.



Table 11 Volume Weighted Average Electricity Price in Germany in 2013. Source: Bundesnetzagentur
(2014), Eurostat (2015)

3.4.2.2. Network Cost Breakdown

In general, transmission and distribution charges can range from 15% to 40% on
customers’ final electricity bills. According to Bharatkumar (2015) and Perez-
Arriaga (2013), the cost drivers behind those charges can be categorized in three
main types:

* Connection: the minimum network required to provide users with
connectivity, which is only related to the geographic locations and minimal
loads. According to the authors, the associated costs can be either calculated
based on the customers’ relevant profile, or socialized within network zones.

* (Capacity: the additional network elements needed to accommodate peak
power flows. The costs associated with capacity requirements should be
assigned to network users based on their contributions to peak consumption
in the LV, MV, and HV networks2?®. Traditionally, regulators have used
contracted capacity as a proxy. This method may work well in industrial
cases where the consumption profile is less volatile and the contracted
capacity is close to the contribution in peak hours. However, this may not be
suitable for residential customers. Therefore, the authors recommend a
“coincident charge”, which is based on the customers’ contribution to the
system peak. In this thesis, we assume that customers pay for their maximum
contribution to the system peak in a given month if a coincident peak rate is
applied.

* Reliability and losses: the reinforcements and services required to increase
the security margin of the system capacity?® and the extra costs associated to
losses. These authors propose that these costs should be allocated to users
volumetrically.

As discussed in the literature review chapter, the RNM can be used in network cost
allocation by isolating the incremental network cost attributable to each of the
network cost drivers. These results are highly dependent on the system
configuration as well as model assumptions. Bharatkumar recommends a 50-25-25
breakdown, which is used as the starting point in this thesis.

In theory, the network tariff should be dynamic and respond to the overall shift of
customers’ load profile. For instance, if every end-user in the system reduced their
peak contribution for the same amount, the capacity related rate should increase
proportionally in the short-run to make sure that utility companies recover their
costs. But a static rate is used in this thesis, which can be a reasonable

28 Ideally, it should also consider their contributions to reverse power flows through
injection.

29 In anticipation of possible demand estimation errors, equipment failures, or faults
and outages.



approximation when the penetration rate of distributed DERs is low, and the
influence of the customers’ decision on the system is negligible.

3.4.2.3. Incentives

To encourage the penetration and utilization of DERs, regulators provide a variety
of incentives ranging from non-monetary ones like priority grid connection, to tax
credits and direct monetary subsidies. Under the current Cogeneration Law of
Germany, CHPs could be eligible for feed-in-tariff. This bonus payment can be
received by high efficient CHP projects, and it depends on the size of the technology.
Figure 18 shows the rate customers can receive per kWh electricity generated on-
site within each capacity range.

Electric capacity power (proportional) Bonus per kWh produced

<= 50kWe and <= 2kWe (micro-CHPs) 5.41 cent/kWh
<= 50kWe (mini-CHPs) 5.41 cent/kWh
<= 250kWe 4.00 cent/kWh
<= 2,000kWe 2.41 cent/kWh
> 2,000kWe 1.80 cent/kWh

Figure 18: German Cogerenation Law incentives for different capacity ranges. Source:
Bundesnetzagentur (2014)

Figure 19 shows the calculation of the Cogeneration Law incentive for a CHP project
with a 2,500 kW electric capacity. It is easy to see that the average rate decreases as

the CHP capacity increases.
Example: CHP 2500 kW e

50*5.41 cent
200*4.00 cent
1750*2.41 cent
500*1.80 cent

(50*5.41+200%*4+1750*%2.41+500%1.8)/2500 cent/kWh

2.4752 cent/kW h
Figure 19: Calculation of average incentives for a 2,500 kW CHP project. Source: Self- calculation

Another incentive that is available is the Mini-CHP support program. It provides a
one-time investment grant to CHP projects smaller than 20kWe. Figure 20
summarizes the incentives for different electric capacity ranges.

2012 Mini-CHP support program (<= 20kWe) Investment grant per kWe

<= 1kWe 1,425.00 euros/kWe
> 1kWe, <=4kWe 285.00 euros/kWe
>4kWe, <=10kWe 95.00 euros/kWe
> 10kWe, <=20kWe 47.50 euros/kWe

Figure 20: Mini-CHP support program categories. Source: Bundesnetzagentur (2014)

A distinct advantage of NGDCHP over intermittent technologies is its controllability,
which can potentially create additional value to both the customers and the grid.
Introducing a sale-back mechanism has the potential to incentivize customers to



export electricity to the grid when electricity is scarce, increase the utilization of the
generators and, in effect, reduce the economic barriers. German regulators have also
implemented a bonus payment for the fed-back (exported) electricity of CHP
projects smaller than 2,000kWe. The rate is set at 3.15 Euro cent/kWh, which is
close to the average wholesale electricity price.
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Figure 21: Average price for baseload power at EPEX (Euro/ MWh)

However, according to the Renewable Energy Act 2014, electricity generated on-site
would also be charged for EEG in the future. The rate is set to be 30% of full EEG
charge for new installations until 2016, which translates into 1.87 Euro cents/ kWh.

3.4.3 Construction and Summary of Different Tariff Structures

For the natural gas price, we apply a 3.38 Euro cent/ kWh flat volumetric rate in the
industrial case and a 4.93 Euro cent/kWh flat volumetric rate in the residential case.
In both cases, a natural gas tax and surcharge of 40% is applied.

When constructing different electricity tariff structures, this thesis first calculates
the total electricity charge the customer would pay if the average electricity price in
Table 11 were applied and if no NGDCHP were installed, i.e. BAU scenario. Then,
costs are assigned proportionally to each category (energy, network, and taxes and
surcharges) and subcategories (connection, network capacity, and losses and
reliability) according to Bharatkumar’s recommendation and Table 11. In this way,
customers would pay the same total amount in the BAU scenario, which can
facilitate comparison across structures.

We constructed four tariff structure scenarios. In the first scenario (from now on
referred to as Scl), a flat rate is applied to each kWh of electricity purchased from
the grid and does not have any fixed nor capacity-related charges. In the second
scenario (Sc2), the tariff is an hourly volumetric rate, with the price varying
according to the wholesale price. The price is higher when the demand in the system
is high (e.g. 8am-11am and 4pm-8pm during the weekdays). In the third scenario
(Sc3), the tariff has three parts, i.e. a fixed portion (representing 50% of the BAU
network costs), a capacity portion (25% of the BAU network costs) and a volumetric



portion (representing 100% of the energy costs and 25% of the BAU network costs).
Here, a capacity rate is derived through dividing 25% of the BAU network costs by
the BAU contracted capacity (assumed to be the maximum net electric load of the
month); and the volumetric rate is set to be flat. In the fourth scenario (Sc4), the
capacity rate is replaced by a coincident rate, while the flat volumetric rate is
replaced by an hourly volumetric rate. The coincident rate is derived through
dividing 25% of the BAU network costs by the BAU maximum net load at 6p.m. in
the month. Tables 12 and 13 present a summary of the specific rates used for the

residential and industrial cases.

Volumetric rate Fixed rate Capacity rate Coincidence rate

Tax+ levies+
surcharge

Euro cents/ kWh Euro/ Month  Euro/kW/Month Euro/kW/ Month

Scl 14.98 - - -

Sc2 2.866*wholesale - - -
price

Sc3 10.1037 2053 3.9363 -

Sc4 1.939* wholesale 2053 - 4.1152
price

Percentage of
baseline costs
100%

Table 12: Summary of the rates for 4 tariff structures for the residential case.

Volumetric rate Fixed rate Capacity rate Coincidence rate

Tax+ levies+
surcharge

Euro cents/ kWh Euro/ Month  Euro/kW/Month Euro/kW/ Month

Scl 6.83 - - -
Sc2 1.307* wholesale
price - - -
Sc3 5.5 34898 1.5573 -
Sc4 1.052*wholesale
price 34898 - 2.2727

Percentage of
baseline costs
100%

Table 13: Summary of the rates for 4 tariff structures for the industrial case
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Figure 22: Volumetric electricity price for the residential customer in a typical day in January. Source:
Own calculations.

As for incentives, we model three different situations:

1.

2.

3.

When no incentive is implemented: it is meant to uncover the intrinsic
economic value of different CHP technologies. In this scenario, there is no
electricity export price.

When the Cogeneration Law is implemented: for the industrial application,
we assume a 2.1 Euro cent/kWh bonus payment and a 1.87 Euro cent/ kWh
EEG charge on the on-site generation (a net of 0.2 Euro cent/kWh incentive).
For the residential customer, we assume a 5.41 Euro cent/kWh bonus
payment and a 1.87 Euro cent/ kWh EEG charge on the on-site generation (a
net of 3.5 Euro cent/kWh incentive). An export incentive of 3.15 Euro cent/
kWh is also applied.

When a capital expenditure (CAPEX) incentive is implemented: we assume a
30% upfront CAPEX reduction in both residential and industrial cases. An
export incentive of 3.15 Euro cent/ kWh is also applied.

Some key assumptions and inputs are used in the model formulation and to
construct the scenarios:

1.

2.

Rational customers: the installation and operations decisions are only based
on an economic criteria.

“Tariff parity”: in the business as usual scenario (when no NGDCHP is
installed), the customer pays the same amount in total for the energy
purchased.

Low penetration rate: the influence of individual customer’s decision on the
system is not significant

Smart meter is available: as discussed above, this is not an unreasonable
assumption given the EU Directive to introduce smart meters. Smart meters
could enable time dependent energy prices.



5. No demand response: the purpose of this thesis is to evaluate the value of
NGDCHPs under different tariff structures and this value is isolated from that
of demand response.



Results and Sensitivity Analysis

4.1 Analysis Metrics
In this thesis, four categories of outputs from the model are examined and compared
in different applications and scenarios:

We start with the customers’ installation and operation decisions. Installed
capacity represents how much electric capacity is installed on-site and the
unit is kW. This might not be the “optimal” capacity because of the lumpiness
of the technologies, but it is a more realistic representation because the
technologies are not divisible in real life. The hourly operations of one
technology will be shown as an example of how different tariff and market
conditions would change the operations patterns in a typical day of the year.
This part would include both electric load and heating load. Besides, a ratio
that represents the overall utilization rate of the technology is examined. The
Incremental gas consumption %

Installed capacity . The
numerator indicates how much more gas is consumed on-site as a
percentage of the original consumption, and the constant is 100,000 in the
industrial case and 1,000 in the multi-family case. Therefore, this ratio
measures how much incremental natural gas each kW of installed CHP
electric capacity consumes. Finally, the export ratio is discussed when

appropriate, which represents the portion of on-site generated electricity
exported electricity

formula is Utilization rate = Constant *

that is exported to the grid, i.e. Export ratio = — : —,
total electricity generation on—site

Next, when analyzing the economic and financial impacts of the installation
and operation decisions, we look at the annual savings through operations,
pay-back (PB) period, and in some cases the incentives received. The annual
savings through operations show how much total energy costs are saved
compared to the business as usual scenario (when there is no CHP
installation). Here, Annual total energy cost = Electricity purchase +
Natural gas purchase + Operations and maintenance costs of DG —

remunerations for electricity export. It does not include subsidies or the
amortization costs of installed CHP technologies. In some cases, the
government provides subsidies to the on-site generation, and we show the
annual incentives received by the customers as a percentage of their original
energy bill. The PB period shows how long it takes for the customers to

recover their upfront capital expenditure through subsequent savings, and
Capex

the equation is PB period =

Annual savings through operations+Incentives received’
Thirdly, the impact of CHP installation on the system is examined using
mainly three metrics. The maximum load reduction (MLR) refers to the
reduction of the maximum electric load of the year, and the equation is
MLR = 1 — Max elec. load of the year after installing CHP
Max net elec.load of the year without CHP
capacity reduction (ACCR), on the other hand, focuses on the reduction of the
maximum net electric load of each month. The equation is
ACCR = ¥1> MLoMi ;¥ }* MLoMo, where MLoM represents maximum load of

. The average contracted



the month, 0 stands for the business as usual scenario and i stands for the
scenario where technology i is installed. This is a proxy in the scenario where
the customers are charged on their monthly contracted capacity. Lastly, the
coincident peak reduction (RPC) focuses on the maximum net electric load
during the system peak (set to be at 6 p.m.). The equation is RPC =

12 MLASPi;¥1? MLdSPo, where MLASP represents maximum load during
system peak. RPC is intended to measure peak demand and its impact on
lowering system'’s congestions.

* Last but not least, we examine environmental and efficiency impacts through
the total CO2 emissions savings and the distributed generation efficiency.
The DG efficiency refers to the total useful energy output as a percentage of
total energy input, and the output includes both electricity and useful heat3°.
Total CO2 emissions savings compare the CO2Z emissions when CHP is
installed with that when all electricity is provided from the grid and heat is
provided from alternative heating methods such as a boiler and furnace. Here,
the natural gas emissions rate is set to be 0.1808 kg/ kWh and an 80%
natural gas to heat conversion ratio is assumed, both based on the reference
EU primary energy saving metrics. Due to lack of information, we use as a
proxy to the hourly marginal CO2 emission rate the data from the California
electric grid as both CA and Germany have relatively high clean energy
penetration. As can be seen in Figure 23, the average grid level emission rate
over the year is around 0.5kg/ kWh.
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Figure 23: The average grid level emission rate of California in a typical day of each month in California.
Source:???

30 Admittedly, there are other metrics like effective electric efficiency and total
primary energy savings, which looks at the efficiency from different angles.



4.2 Sensitivity Analysis Construction

The market conditions vary across regions as well as over time. The purpose of this
research is to have an overall understanding of the attractiveness of distributed
natural gas CHP technologies in Europe. It is therefore important to understand how
sensitive the conclusions we derived from the German cases are in relation to the
different market conditions. Moreover, from the perspective of individual
customers, it is also imperative to understand the market risks once the CHP is

installed.

After some preliminary runs, we find that the retail natural gas prices, the electricity
purchase price and the electricity export price show significant variability and are
some of the key factors influencing customers’ operation decisions.

As is shown in Figure 24 and Figure 25, customers see drastically different natural
gas prices across Europe both in the residential and industrial sectors. The ratio of
the highest and lowest prices amongst the EU member states was over 4 times in the
case of households and more than 3 times in the cases of industrial users.
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Figure 24: Residential natural gas price in Europe in 2013. Unit: Euros/kWh. Source: Eurostat (2015)
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Figure 25: Industrial natural gas price in Europe in 2013. Unit: Euros/kWh. Source: Eurostat (2015).

Moreover, the natural gas price can be volatile over time. As shown in Figure 26 and
Figure 27, the ratio of the highest to the lowest gross price in Germany from 2007 to
2013 was 1.4 and 1.3 in the household and industrial sectors respectively.
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Figure 26: Residential natural gas price in Germany from 2007 to 2013. Units: Euros/kWh. Source:
Eurostat (2015)
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Figure 27: Industrial natural gas price in Germany from 2007 to 2013. Units: Euros/kWh. Source:
Eurostat (2015)

Taking into consideration the wide range of natural gas prices customers experience
in Europe, we set up two sensitivity scenarios that represent situations where the
natural gas price goes up or down 30% compared with the base scenario.

On the other hand, as shown in Figure 28 and Figure 29, electricity prices in both
residential and industrial sectors have similar, if not more, variance across Europe.
The ratio of the highest and lowest gross price amongst the EU member states was
over 5 times in the case of households and more than 3 times in the cases of
industrial users.
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Figure 28: Residential electricity price in Europe in 2013. Source: Eurostat (2015)
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Figure 29: Industrial electricity price in Europe in 2013. Source: Eurostat (2015) 31

Similar to the natural gas price, we see the electricity price changing over time in
Germany. As is shown in Figure 30 and Figure 31, the electricity price has increased
50% and 37% from 2007 through 2013 in the residential and industrial sector
respectively.
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Figure 30: Residential electricity price in Germany from 2007 to 2013. Units: Euro/ kWh. Source:

Eurostat (2015)

31 In the German price, the EEG charge is excluded as large industrial customers are
eligible for EEG exemption, since the government tries to preserve the
competitiveness of local heavy industries.
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Figure 31: Industrial electricity price in Germany from 2007 to 2013. Units: Euros/ kWh. Source:
Eurostat (2015)

Based on the range of electricity gas prices that a customer could see in Europe, we
set up another two sensitivity scenarios that represent situations where the
electricity price goes up or down 30% compared with the base scenario, while
holding other parameters constant.

Currently, Germany has a 3 Euro cents/kWh incentive on the electricity exported to
the grid from distributed CHP systems, which is close to the average electricity price
on the wholesale market --this is a very low incentive. In comparison, in many states
of the US, a net metering mechanism is implemented, which essentially pays the
customer the retail price of electricity for their export. Considering that regulators
may try to encourage more installations through higher export prices, we construct
a sensitivity scenario where the customer receives twice the wholesale electricity
price for the exported electricity.



4.3 Results from the Food Processing Factory Case

4.3.1. Business as Usual Reference Case

Total Annual Energy Costs
Annual non-DER Electricity Purchase
Annual NG Purchase
Annual Total Energy Demand
Total Electricity Load
Annual Electricity-Only Load*?
Annual Cooling Load
Annual Refrigeration Load
Total Heat Load
Annual Space Heating and Process Heating Load
Annual Water Heating Load
Annual Natural Gas-Only Load

Annual Total Emissions

[$]

[S]

[S]

[kWh]
[kWh]
[kwh]
[kwh]
[kwh]
[kWh]
[kwh]
[kwh]
[kwh]

[kgCO2]

10,246,871

7,359,085

2,887,786

100,975,546

47,053,872

30,989,466

2,076,294

13,988,112

53,921,672

47,413,884

3,408,841

3,098,947

36,041,784

Table 14: Summary of the business as usual industrial case

As shown in Table 14, the annual 100GWh energy demand comprises 47%
electricity load and 53% gas load when there are no CHP installations. As for the
energy cost, 71% comes from electricity bill and 29% from natural gas bill. Annual

CO2 emissions stand at 36,000 tons.
4.3.2. When no Incentive is implemented

4.3.2.1 Decisions

Starting from the installation decisions, we notice that the industrial customer’s
installed capacity of technology 1, 2, 6 and 7 does not show much variability because

32 Energy consumption for electronic devices.




they are relatively large technologies and close to the maximum load of the factory.
Specifically, Tech 1 is a 9.3 MW internal combustion engine; Tech 6 and Tech 7 are
7MW and 10 MW gas turbines respectively. Therefore, the customer is in fact facing
binary choices. In comparison, technology 3, 4, 5, 9 and 10 have smaller unit
capacities, and show higher variability in their installation decisions in different
tariff structure scenarios. Tech 2 represents a 3.3 MW internal combustion turbine
technology. It is interesting because the customer has the option to install different
number of the machines on-site but decided to have 3 machines in all tariff structure
scenarios. Technology 8 is the steam turbine and is not picked because of its low
electric efficiency. Additionally, from this chart, we can conclude that internal
combustion engines, as well as certain types of fuel cells, gas turbines and micro
turbines are economically viable in current market conditions without any
incentives.
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Figure 32: Installed capacity of 10 technologies in 4 tariff structure scenarios (kW).

As to operations, we use Tech 2 as an example because it has the same installed
capacity in different tariff structures so that we can focus on the interplay between
the tariffs and operations. First of all, we notice that not all peak electricity demand
is met by the DG because of the lumpiness of Tech 2 -having another 3.3 MW
machine installed on-site will result in lower utilization rate and high idleness
during off-peak hours. Moreover, certain amount of heat is wasted in off-peak hours
because the customer tries to lower their electric purchase even though their heat
demand is very low in those hours. Thirdly, tariff structure scenario 1 and 3 give the
same operations in this case because the volumetric prices are flat (though different)
and are both at a level beyond the cost of on-site generation33. Fourthly, in tariff
structure scenario 2 and 4, where hourly electricity price is applied, the prosumer
takes advantage of the lower price of the grid in off-peak hours which results in
lower production. Finally, we noticed that the operations during the system peak

33 After considering the heating load savings.



hours are not changing in different scenarios. This is because the generator is
already operating at maximum capacity then.
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Figure 33: Operational schedule in a typical day for Tech 2 scenario 1
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Figure 34: Operational schedule in a typical day for Tech 2 scenario 2
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Figure 35: Operational schedule in a typical day for Tech 2 scenario 3
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Figure 36: Operational schedule in a typical day for Tech 2 scenario 4

As is shown in Figure 37 and demonstrated in the discussions above, the utilization
rate and incremental natural gas consumption of unit installed capacity is generally
higher when flat volumetric rate (sc 1 and 3) is applied, because they encourage
more on-site generation in off-peak hours while the influence on the on-peak hours
is limited.
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Figure 37: Incremental gas consumption per unit of installed capacity.

4.3.2.2. Economic and financial impacts

As discussed in the methodology chapter, the objective function of DER-CAM is to
minimize the annual total energy costs, including amortized CHP capital costs. The
underlying assumption is that the customer makes decisions based on discounted
cash flow and essentially has to weigh between the upfront capital cost and the
annual operational savings and incentives received. This is different from criteria
such as maximizing annual energy cost savings from operations and minimizing the
pay-back period, which may result in different installation and operation decisions.
However, customers may take all these objectives into consideration in real life, and
pay-back periods and annual savings through operations can be more intuitive
compared with discounted cash flow method. In this work, we will take PB period
and annual savings as a metric, instead of the discounted cash flow method.



From Figure 38, it is easy to see that the pay-back period of viable technologies lies
in a wide range between 4 to 9 years. Tariff structure scenario 3 and 4 result in
longer PB period and even render certain technologies economically unattractive.
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Figure 38: Pay-back period (year)

Overall, internal combustion engines show the best economics amongst all the
technologies under analysis because they yield higher annual savings and shorter-
payback periods. Results indicate that targeted incentives are needed to promote
fuel cells and micro turbines if higher penetration rates are desirable.
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Figure 39: Annual savings as a percent of original annual total energy cost



4.3.2.3. System impacts

In general, tariff structures scenario 1 and 2 (with higher volumetric electricity price)

encourage higher installed capacity and on-site production, and thus result in more

load reductions during the year, month and peak hours. However, as discussed in

the literature review chapter, this comes at a cost because DG users are in effect
aying less than their fair share for the network costs.
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Figure 40: Maximum load reduction

Tariff structures 3 and 4 can eliminate this distorted economic signal and ensure
adequate remuneration for the network costs. Between these two scenarios, a
coincident charge (sc4) is superior to a contracted capacity charge (sc3) because it
helps reduce the customers’ net load when the system is at its peak, as is shown in
Figure 41.
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Figure 41: Reduction in contribution to the system peak

4.3.2.4. Environmental and efficiency impacts

The CHP overall efficiency is higher when tariff structures scenario 3 and 4 are
applied, because the volumetric energy price is lower which makes customers less
likely to waste usable heat during high price hours.
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Figure 42: CHP overall efficiency

However, this comes at an environmental cost because scenarios 3 and 4 reduce the
on-site productions and result in lower CO2 emission cuttings. The benefit of lower
waste heat is not as important as the difference between the emission rates of on-
site CHPs and the separate generation of electricity and heat.
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Figure 43: CO2 emission reduction rate

4.3.3 German Cogeneration Law Implementation

4.3.3.1 Decisions

In Figure 44, we can see that the installed capacities do not change when the
Cogeneration Law is considered (compared with the no incentive scenarios), except
for a minor increase in Tech 3 when tariff structure scenario 3 is applied. An
analysis on the operations of Tech 2 also shows that there is almost no impact on

the utilization patterns of this technology.
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Figure 44: Installed capacity of 10 technologies in 4 tariff structure scenarios (kW)




The utilization rate has little change in most technologies. The only exceptions are
Tech 1 and Tech 7, as their utilization rate increased significantly. This is not
because that the Cogeneration Law has any special effects on these two technologies
in itself, but rather because the configuration of our model.
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Figure 45: Incremental gas consumption per unit of installed capacity.

In real life, the electric efficiency of a generator decreases as the output goes down.
Alternatively speaking, part-load generation results in lower electric efficiencies.
The decrease is relatively small in the beginning and then accelerates as the percent
of load goes down. Besides worse economics, such a decline would generally result
in higher NOx and CO2 emissions as the system is not operating at a normal state.
Therefore, to take into account this feature, we introduced an artificial part-load cut-
off rate of 30%, meaning that the generator cannot produce at less than 30% of its
designed electric capacity. In the industrial case, the electric load in off-peak hours
is slightly below 30% of the designed capacity for Tech 1 and Tech 7, and when
there is no incentive applied, the customer decides to turn off the generator and
import from the grid. But when the cogeneration law is applied, the customer
realizes that it is more profitable to generate during the off-peak hours and have the
small amount of extra electricity generated exported to the grid. Although this
change has a big impact on the utilization rate and the natural gas consumption, it
does not influence the savings and economics in a significant way (discussed in the
next section). Therefore, the anomalies shown in the case of Tech 1 and Tech 7 do
not change the conclusion that the Cogeneration Law incentives are not set to be
high enough to change the behavior of the industrial customers.
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Figure 46: Part load efficiency performance in ICEs (left) and electricity export percentage (right).

Source: EPA (2008)

The amount of exported electricity is very small compared with the total generation
figure, and as discussed above is mainly in off-peak hours when the electric demand
is low.

4.3.3.2. Economic and financial impacts

Figure 47 shows that the annual savings through operations (not including

generation incentives) changed little, which resonates with the finding above that

the Cogeneration Law incentives had limited effect on the installation and

operations of the technologies. Tech 1 and Tech 7 enjoyed higher annual savings

because they received remuneration through exporting electricity and reduced
urchase from the grid.
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Figure 47: Annual savings as a percent of original annual total energy cost
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Figure 48: Annual incentives received by the customer as a percentage of annual total energy cost

The pay-back periods are shortened because they receive generation subsidies from
the Cogeneration Law, but only by a small margin in most cases. The main reason is
that the incentive is set to be very low for large technologies while EEG charge on
on-site generation is high, which further diminishes the total amount of feed-in-
tariffs the industrial CHP customers receive. As is Shown in Figure 49, the net
incentives received by the customer are less than 1% of its annual energy cost,
which is too moderate to change their behaviors. Overall, Cogeneration Law has
little impact on the system peak, the environment and the DG efficiency.
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Figure 49: Pay-back period (year)



4.3.4. CAPEX Incentive is Implementation

4.3.4.1. Decisions

When 30% capital incentive is applied, the installed capacity increased in the
smaller technologies. The installations are now at a similar level for tariff structure
scenario 1 and 2 versus 3 and 4. Moreover, even Tech 8 is made economically viable,
though the installed capacity is still very small.
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Figure 50: Installed capacity of 10 technologies in 4 tariff structure scenarios (kW)

In theory, CAPEX incentives should have no effect on the operations if the
installation is the same, because they do not distort subsequent economic signals for
operations. This is exactly what we observed in the case of Tech 2 and Tech 6
(Figure 51) where the utilization rate stays unchanged.

25.00 25
20.00 Hscl
Hsc2
15.00 sc3
Hsc4
10.00 -
Oscl no incentive

Osc2 no incentive

O sc3 no incentive

Osc4 no incentive

> ) > 3 » o A D Q,\Q
(9

& &

&QJ&Q &QI& &QJ& &QJ &Q;Q &Q/& &6 &e& &6(’

Figure 51: Incremental gas consumption per unit of installed capacity.



However, what is interesting is the operations of Tech 1 and 7, where the
installation stayed the same while operations vary. This is again because of the
aforementioned artificial part-load cut-off rate and the electricity export
remunerations. Figure 52 and Figure 53 show the hourly heat and electric load and
output of Tech 1 when tariff structure scenario 4 is in place. It is easy to see that the
customer decides to generate during certain off-peak hours and export the excess to
the grid when an export incentive is applied. Similar to the Cogeneration Law
scenarios, the exported electricity is still a very small proportion of total on-site
generation.
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Figure 52: Operational schedule in a typical day for Tech 2 subject to scenario 4 when there is export
incentive in place
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Figure 53: Operational schedule in a typical day for Tech 2 subject to scenario 4 when there is no export
incentive in place

4.3.4.2. Economic and financial impacts

Annual savings through operations increased more than the Cogeneration Law
scenarios, as the CAPEX incentive encourages more installation and thus more
electricity and heat are produced using CHPs.



40%
35%
30%
25%
20%
15%
10%

5%

0%

-5%

SR R R R

40%
35%
30%
25%
20%
15%
10%
5%

0%

-5%

Hscl
Wsc2
Wsc3
Hsc4
Osc1 no incentive
Osc2 no incentive
Osc3 no incentive

Osc4 no incentive

Figure 54: Annual savings as a percent of original annual total energy cost

The pay-back periods are significantly shortened in many cases (even in those
where installation increased), as the increased investment cost is more than off-set

by the 30% price cut and the increased annual operational savings.
y p p

However, the effectiveness of this incentive comes at a high price from the
regulator’s perspective because the government has to provide substantial
subsidies. Figure 55 plots the annualized capital incentives received by the
customer as a proportion of their original annual total energy cost3+. The ratio could

reach as high as 7% when compared with 1% in the Cogeneration Law scenarios.
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Figure 55: Annualized CAPEX incentives received by the customer as a percentage of annual total energy

cost

34 Assuming a 10-year depreciation period.




4.3.4.3. System Impacts

Consistent with the increased CHP installation and utilization, the maximum load
reduction (Figure 56) and coincident peak reduction (Figure 57) both increase in
most technologies and tariff structure scenarios.
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Figure 56: Maximum load reduction

Moreover, Figure 57 also shows that tariff structure scenario 4 still outperforms
scenario 3 in reducing net load during system peak as the customer responds to the
more targeted economic signals, i.e. charges directly linked to their net electricity
load during the system’s peak.
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Figure 57: Reduction in contribution to the system peak



4.3.4.4 Environmental and Efficiency Impacts

The CAPEX Incentives have very limited impact on the DG efficiencies as customers
still try to avoid wasting usable heat. On the other hand, CO2 emissions further
reduced thanks to the higher overall efficiency of on-site generation.
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Figure 58: CHP overall efficiency
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Figure 59: CO2 emission reduction rate

4.3.5. Sensitivity Analysis

As discussed in section 4.2, the German energy market conditions, as well as those
in other EU nations, have changed quickly over the years. This may exert impacts on
the subsequent operations and economics of future CHP projects, once the system
has been installed on-site. Here, we examine the hourly operation decisions of the
Tech 2 systems when tariff structure scenario 4 is applied and there are no
incentives. Metrics such as annual savings and DG overall efficiency are also



analyzed. The goal is to understand how sensitive our previously established
conclusions are in relation to various market conditions.
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Figure 60: Operational schedule in a typical day for Tech 2 scenario 4 -Base case

Comparing Figure 60, Figure 61 and Figure 62, we can see that the customer
chooses to buy more (less) electricity from the grid in off-peak hours when
electricity price is 30% lower (higher) than in the base case. This is intuitive, since
the grid level electricity become less (more) expensive compared with generating
on-site3s.
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Figure 61: Operational schedule in a typical day for Tech 2 scenario 4 -Decreased electricity price

35 Remember, the natural gas price, the electric efficiency and heat to power ratio
are constant.
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Figure 62: Operational schedule in a typical day for Tech 2 scenario 4 -Increased electricity price
The influence of 30% lower (higher) natural gas price is conjugating with, though
not exactly the same as, that in the 30% higher (lower) electricity prices. After all,
decreasing (increasing) natural gas price is in effect making grid electricity price
relatively less (more) expensive to serve the same energy demand.
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Figure 63: Operational schedule in a typical day for Tech 2 scenario 4 -Decrease NG price
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Figure 64: Operational schedule in a typical day for Tech 2 scenario 4 -Increase NG price




If we double the electric export price, the customer would be incentivized to have
more on-site generation and sell the extra electricity to the grid when the price is
high. But this may also lead to more waste heat.
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Figure 65: Operational schedule in a typical day for Tech 2 scenario 4 -Double PX price

From Figure 66 we can see that the annual savings through operations are more
sensitive to the electricity price. The elasticities for electricity price, gas price and
export price are 2.0, 0.9 and 0.07 respectively.
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Figure 66: Annual savings through operations for Tech 2 scenario 4 in different market conditions. Units:
Euros

Figure 67 shows that the DG overall efficiency does not vary too much (<4%) in
responds to different market conditions.
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Figure 67: CHP overall efficiencies for Tech 2 scenario 4 in different market conditions

Finally, the incremental natural gas purchase shows a *10% among all the
conditions. It is especially interesting to see that a higher electricity export price has
the most impact on the natural gas usage and thus the gas suppliers’ revenue, even
though its implications for the customer are limited.
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Figure 68: Incremental NG purchases for Tech 2 scenario 4 in different market conditions

4.3.6. Summary of the Industrial Case

To summarize some of the key findings in the 4.4 section:

1. Tariff structure has significant influence on the installation decisions of
smaller industry level distributed CHP systems, but not so much on the larger
ones. The customers face a binary choice if the unit size of a technology is
commensurable with the electric load, and thus the influence of different
tariff structures is not fully realized.



Internal combustion engines and certain fuel cells, gas turbines and micro
turbines are economically viable technologies even without any incentives
and in any tariff structures. However, ICEs are still a much more mature and
attractive technology for CHP applications. Thus, targeted subsidies for new
technologies such as fuel cells and micro turbines may be necessary.

Flat volumetric electricity rate encourages higher a utilization rate, because
customers are incentivized to generate electricity during off-peak hours.
However, this may result in more waste heat if no heat storage is available.

A coincident charge is effective in incentivizing generation during system’s
peak compared with traditional contracted capacity charges.

CHP technologies show very high overall efficiencies in all tariff structure
scenarios and have noticeable environment benefits.

The current Cogeneration Law implemented in Germany does not have
enough incentives for industrial customers and has negligible influence on
the decision making process of these customers. This is mainly because
industrial players can benefit significantly from distributed CHP systems
without any incentives.

CAPEX incentives can shorten the pay-back period while not distorting the
short-term economic signals essential for having efficient operations.

The annual savings are most sensitive to electricity purchase price, and not
so much to gas price or electricity export rate. Energy efficiency did not show
to be sensitive to the market conditions in the industrial case.



4.4, Results from the Multi-family Case

4.4.1. Business as Usual Reference Case

Total Annual Energy Costs [$] 277,612
Annual non-DER Electricity Purchase [S] 209,282
Annual NG Purchase [5] 68,330

Annual Total Energy Demand [kWh] 1,655,938
Total Electricity Load [kWh] 762,646

Annual Electricity-Only Load [kWh] 676,911
Annual Cooling Load [kWh] 85,735
Annual Refrigeration Load [kWh] _
Total Heat Load [kWh] 893,292
Annual Space Heating Load [kWh] 320,916
Annual Water Heating Load [kWh] 429,361
Annual Natural Gas-Only Load [kWh] 143,015
Annual Total Emissions [kgCO2] 585,565

Table 15: Summary of the business as usual multi-family case

As shown in Table 15, the annual 1GWh energy demand comprises 47% electricity
load and 53% gas load when there are no CHP installations. The size of the multi-
family application is 1% of the food-processing factory analyzed in Section 4.3 from
the perspective of energy consumption. As for the energy cost, 75% comes from
electricity bills and 25% from natural gas bills. Annual CO2 emissions stand at 586
tons.

4.4.2 When no Incentive is Implemented

4.4.2.1. Decisions

Similar to the industrial case, there are several technologies that are relatively large
and the capacity of a single unit is close to the average electric load of the multi-
family building (around 100kW). For instance, Tech 1 and 4 are 100kW and 200kW



ICEs respectively. Tech 8 and 9 are large fuel cell technologies, both with a unit
capacity of 100kW. For these technologies, the customer is in fact facing binary
choices, i.e. either install one unit or have no installation at all. Tech 4 has a capacity
size close to the maximum electric load of the building. But given the variability of
the load profile, the utilization rate would be so low that the annual savings cannot
justify the high upfront capital expenditure. As a result, the customer decides not to
install any Tech 4 on-site. In comparison, Tech 2, 3, 5, 7 and 10 are smaller
technologies and show higher variability in their installation decisions for different
tariff structure scenarios. Similar to the findings in the industrial case, tariff
structures scenario 3 and 4 encourage less installation compared with scenario 1
and 2, because the volumetric electricity prices are lower and the annual saving
potential is reduced. Tech 7 represents small solid oxide fuel cell technology, which
has a very high per kW CAPEX as it is still in the early stage of commercialization.
The high upfront cost deters customers from installing this technology.
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Figure 69: Installed capacity of 10 technologies in 4 tariff structure scenarios

For the purpose of comparing the operation decisions in different tariff structure
scenarios, we pick Tech 1 as an example because it has the same installed capacity
in all scenarios. Unlike industrial applications, residential cases show more
seasonality. As a result, we are including operations in a typical day in both January
and July to have a better representation of the different patterns during summer
and winter.

From Figure 70 we can easily see that both the electric and heat load show
significant monthly as well as daily variability. The heat and electric load don’t
match well during the summer, when air-conditioners have an important
contribution to the load while the heat demand is very low. This gives rise to the
problem of waste heat as shown in the lower right hand side of Figure 70. In this
context, it might be beneficial to have tri-generation rather than cogeneration,
which could utilize the exhaust heat from the generator to drive heat pumps in the
summer. Similar to the findings in the industrial case, the customer would take



advantage of the lower electricity prices during off-peak hours if hourly electricity
price (sc2) is in place, and reduce the on-site generation accordingly (see Figure 71).
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Figure 70: Operational schedule in a typical day for Tech 1 scenario 1
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Figure 71: Operational schedule in a typical day for Tech 1 scenario 2

Operations under tariff structure 3 and 4 are not drastically different. In the two
examples of operation schedules in January and July, the on-site generation shows
identical patterns (see Figure 72). But as it is shown in the utilization rate chart
(Figure 73), there is a slight difference on the operations of Tech 1 in scenario 3 and
4,
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Figure 72: Operational schedule in a typical day for Tech 1 scenario 3 and 4

The utilization rates in tariff structure scenario 1 and 2 are higher than those in
scenario 3 and 4 mainly because the higher volumetric electricity price sends a
stronger economic signal to incentivize on-site generation. The only outliers are
Tech 10 and Tech 5. In scenario 3 of Tech 10, the utilization rate is higher mainly
because the installed capacity is much smaller than that in other scenarios.
Similarly, scenario 1 and 2 of Tech 10, the utilization rate is lower than scenario 3
because the customer decided to have more installed capacity. It should be noted
that the utilization rates of the industrial case and the multi-family case are not
directly comparable because different constants are used.
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Figure 73: Incremental gas consumption per unit of installed capacity.



4.4.2.2. Economic and financial impacts

Similar to the industrial case, the payback period of the viable residential CHP
technologies show a wide range (from 3.5 years up to 9 years). Thanks to a larger
difference between the residential electricity price and natural gas price, the
payback period is commensurable with that in the industrial case despite more
expensive technologies on a per kW basis and lower electric efficiency due to
reduced sizes.
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Figure 74: Pay-back period (year)

However, because of a higher load variability and thus lower installed capacity to
average electric load ratio, residential CHP in general cannot achieve the same level
of annual savings through operations (as a percentage of original energy bill) as
their counterparts in the industrial applications (Figure 75 and Figure 39). The only
outliers are the fuel cells technologies. But their higher operational savings are more
than offset by their high capital cost, resulting in a long pay-back period.
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Figure 75: Annual savings as a percent of original annual total energy cost



4.4.2.3. System Impact

As a result of lower installed capacity to peak electric load ratio, the maximum load
reduction in the multi-family case is lower than that in the industrial case (Figure 76
and Figure 40).
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Figure 76: Maximum load reduction

From Figure 77 and Figure 78, we can see that in general tariff structure 3 results in
higher contracted capacity reduction while scenario 4 encourages higher coincident
peak reduction. This is in line with our observation in the industrial case and proves
a coincident tariff can be an effective economic signal to incentivize customers
reduce their contribution to the system peak and thus achieve better system’s cost
savings.
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Figure 77: Contracted capacity reduction
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Figure 78: Reduction in contribution to the system peak

4.4.2.4. Environmental and efficiency impacts:

Consistent with our findings in section 4.3.2.4, CHP overall efficiency is higher under
tariff structure 3 and 4 because the volumetric electricity price is lower and
customers are more cautious not to waste usable heat.

90%
80%
70%
60%
50% Hscl
40% Hgc2
30% H'sc3
20% Hsc4

10%
0%

S @

> 3\ > » o A
R P P R P PP AP

9 O
SRS

Figure 79: CHP overall efficiency

In terms of CO2 reduction, residential CHP projects underperform compared with
industrial ones mainly because a lower installation and operation level3¢ (see Figure
80 and Figure 43).

36 Except for the 100kW fuel cells (Tech 8 and 9), which benefit from larger capacity
compared with the average load and a higher electric efficiency.
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Figure 80: CO2 emission reduction rate
4.4.3. German Cogeneration Law Implementation

4.4.3.1. Decisions

In Figure 81 we can see that the installed capacities increased significantly in many
cases, especially when tariff structures scenario 3 and 4 are applied. This differs
from our observation in the industrial case, where the Cogeneration Law has little
impact on the installation decisions. Moreover, we can see large technologies like
Tech 4 become economically viable due to the subsidy. However, Tech 7 remains
unattractive, indicating that solid oxide technology may be still “deep under water”.
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Figure 81: Installed capacity of 10 technologies in 4 tariff structure scenarios



Taking Tech 1 under tariff structure scenario 4 as an example, we can see from
Figure 82 and Figure 83 that the customer decides to increase the production during
the summer even though that gives rise to more waste heat.
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Figure 82: Operational schedule in a typical day for Tech 1 scenario 4 -With Incentive
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Figure 83: Operational schedule in a typical day for Tech 1 scenario 4 -Base case

Consequently, the utilization rate in general increased, though in certain
circumstances decreased as more capacity was installed to only generate during the
peak hours (see Figure 84). As for the electricity export, the ratio is negligible except
for Tech 4, where 9% of on-site generation is fed-back into the grid.
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Figure 84: Incremental gas consumption per unit of installed capacity.




4.4.3.2. Economic and financial impacts

The annual savings through operations do not change much. As is shown in Figure
85, however, the Cogeneration Law incentive is substantial for residential CHP
projects. It can account for up to 10% of the original energy bill of the customer (in
comparison, it only represent less than 1% in the industrial case). This further
supports the theory that the Cogeneration Law is tilted toward smaller residential
customers rather than larger industrial players.
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Figure 85: Annual incentives received by the customer as a percentage of annual total energy cost

Consequently, the payback period decreased significantly for most technologies, as
can be seen in Figure 86.
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Figure 86: Pay-back period (year)



At the system level, the Cogeneration Law encourages higher load reduction
because customers tend to increase their installation and operation of on-site CHPs.
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Figure 87: Reduction in contribution to the system peak

However, it also comes at a price of lower overall efficiency and CO2 emission
reductions in certain cases. Customers may choose to have more exhaust heat from
the generator as the increased incentive revenue compensates them for an amount
more than the extra generation.
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Figure 88: CHP overall efficiency
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Figure 89: CO2 emission reduction rate

4.4.4. When CAPEX Incentive is Implemented

4.4.4.1. Decisions:

When a 30% capital expenditure incentive is applied, the installed capacity
increased. The installations are now at a similar level for tariff structure scenario 1
and 2 versus 3 and 4. Moreover, Tech 7 is now economically viable, which means
that the cost of solid oxide FC technology has to decrease about 30% to become
competitive without government subsidies given the current market condition.
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Figure 90: Installed capacity of 10 technologies in 4 tariff structure scenarios

As expected, the operation and utilization of the technologies is not influenced by
the CAPEX incentive if the installation remains unchanged (e.g. Tech 1 and Tech 6 in
Figure 91), because the short-term economic signal is not distorted.
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Figure 91: Incremental gas consumption per unit of installed capacity

4.4.4.2. Economic and financial impacts

Annual savings through operations remain flat as long as the installation decision
does not change. The economic benefits mainly come through the capital incentives,
and customers installing larger and more expensive technologies gain the most (see
Figure 92).
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Figure 92: Annualized CAPEX incentives received by the customer as a percentage of annual total energy
cost

The effect on the payback periods is similar to that in the Cogeneration Law
scenarios. More technologies are made economically viable, especially when tariff
structure scenario 3 and 4 are applied.
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Figure 93: Pay-back period (year)

The 30% CAPEX incentive has similar impact on the maximum load reduction and

the peak load reduction. But it is more favorable from the environmental

perspective, since the short-term economic signal is not distorted and the customers
are not incentivized to waste heat. As a result, the overall efficiency (Figure 94 and
Figure 58) and the CO2 emissions savings (Figure 95 and Figure 59) are higher in

the CAPEX incentive scenarios than that in the Cogeneration Law scenarios.
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Figure 94: CHP overall efficiency
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Figure 95: CO2 emission reduction rate

4.4.5. Sensitivity Analysis

As discussed in section 4.2, the German energy market condition for residential
customers experienced many changes over the past few years and remains volatile
in the future. Situation is similar in many other EU nations as well. This may exert
impacts on the subsequent operations and economics of the CHP projects once the
system has been installed on-site. Here, we examine the hourly operation decisions
of the installed Tech 2 systems when tariff structure scenario 4 is applied and there
are no incentives. The goal is to understand the sensitivity of the operations
decisions as well as the economic values of CHP systems.

Similar to our findings in the industrial case, we can see from Figure 96, Figure 97
and Figure 98 that the customer chooses to buy more (less) electricity from the grid
in off-peak hours when electricity price is 30% lower (higher) than in the base case.
This is intuitive, since the grid level electricity become less (more) expensive
compared with generating on-site.
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Figure 98: Operational schedule in a typical day for Tech 2 scenario 4 -Electricity price increase

The influence of 30% lower (higher) natural gas price is similar to that in the 30%
higher (lower) electricity prices. After all, decreasing (increasing) natural gas price
is in effect making grid electricity price less (more) expensive to serve the same
energy demand.
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Figure 99: Operational schedule in a typical day for Tech 2 scenario 4 -Gas price Decrease
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Figure 100: Operational schedule in a typical day for Tech 2 scenario 4 -Gas price increase

If we double the electric export price, the customer would be incentivized to have
more on-site generation and sell the extra electricity to the grid when the price is



high. However, in this case, the customer chooses minimize wasted heat, which is in
contrast with the industrial case, where the increased export comes at a higher
waste heat ratio.
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Figure 101: Operational schedule in a typical day for Tech 2 scenario 4 -double export price

From Figure 102 we can see that the annual savings through operations are more
sensitive to the electricity price, as the elasticities for electricity price, gas price and
export price are 2.0, 0.78 and 0.05 respectively.
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Figure 102: Annual savings through operations for Tech 2 scenario 4 in different market conditions

Comparing Figure 103 and Figure 67, we can see that the overall efficiency of
residential CHPs has a higher sensitivity to the market conditions than that of
industrial CHPs (12% vs. 4% variability).
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Figure 103: CHP overall efficiencies for Tech 2 scenario 4 in different market conditions

Finally, the incremental natural gas purchase shows a +30% difference among all
the conditions, which is higher than that in the industrial case (10%). The natural
gas consumption is highest when the gas price is 30% lower. From the perspective
of the natural gas company, however, the increased natural gas sales is not enough
to offset the loss due to lower gas price. A special reduced gas price scheme for CHP
owners has to be carefully designed in order to account for the quantity vs price
effect
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Figure 104: Incremental NG purchases for Tech 2 scenario 4 in different market conditions

4.4.6. Summary of the Multi-family Building Case

To summarize some of the key findings in the 4.4 section:

1.

The tariff structure has significant influence on the installation decisions,
especially for the smaller technologies. For the larger technologies, the choice
space is more constrained as the lumpiness of the size makes the installation
decision less sensitive.

The seasonal load variability and mismatch between heat and electricity
demand may make tri-generation attractive for the residential customers.
Moreover, the daily load variability reduces the “installed capacity to average
load ratio” and thus lowers the maximum load reduction potentials and COZ2
emission savings compared with the industrial case.

Internal combustion engines are still the most economically attractive
technologies for residential applications. Solid oxide fuel cells need to cut
cost by more than 30% to become competitive.

Similar to the findings in the industrial case, coincident charge and hourly
volumetric prices send economic signals to the customers to cut contribution
to the system’s peak demand in the residential sector.

Consistent with the industrial case, residential CHP projects can create value
to the individual customers, the grid and the environment. More research
should be done to understand the obstacles that hinder higher penetration of
NGDCHPs and thus the full realization of such values.

The current Cogeneration Law implemented in Germany has noticeable
influence on the economics of residential CHP projects and can influence the
installation and operations decisions in a major way.

CAPEX incentive might be a better incentive as it does not directly interfere
with the operation decisions, and thus may yield higher efficiencies and
environmental benefits.



The annual savings are most sensitive to electricity purchase prices, not so
much to the gas price or electricity export rate. The energy efficiency is more
sensitive to the market conditions in the residential case compared with the
industrial one.



5. Conclusions

5.1. Summary and Contributions

This thesis examines the value of gas fired distributed CHP systems under different
market scenarios. Gas fired distributed CHPs are chosen because they present a
more effective way to utilize existing resources and the potential to gain more
popularity under today’s carbon constrained energy roadmap.

The adopted methodology focuses on the analysis of the economically rational
decisions of consumers, regarding the installation and operation of CHP devices,
when subject to a diversity of external conditions that can be characterized by a
number of parameters. The general approach can be dissected into three main steps:
first, construct the business as usual scenario without the presence of CHPs; second,
find the optimal CHP installation and operations under different tariff structures
and incentives scenarios; finally, assess the various values and benefits of different
technologies which are contrasted using various metrics and representative
operation schedules. In particular, the main contributions of this thesis are three-
fold:

* Develop a framework to represent and simulate the decision making process
of individual customers, as well as the environment in which such process
takes place. The framework focuses on how rational customers would
respond to economic signals given the characteristics of available
technologies and their load profiles, and explores the sensitivity of such
conclusions in relation to different energy price levels. As more details can be
included in the analysis, the results drawn from this framework can be a
more realistic representation than that done by more simplified models
based on levelized electricity costs.

* Quantitatively assess the value of distributed CHPs, not only to the individual
customers, but also to the grid and the environment. On the one hand, it
compares the economic values of generation technologies to the customer,
ranging from more mature internal combustion engines and gas turbines, to
emerging technologies like fuel cells and micro turbines. On the other hand,
the thesis also explores non-financial effects in terms of efficiency, CO2
emissions and peak-load reductions using various metrics.

* Inform policymakers on how to realize the potential benefits of distributed
CHP systems while meeting other regulatory principles and goals. This
research achieves that through, first discussing the merits and disadvantages
of various tariff methods and, then comparing the influence of different tariff
structures and incentives on the installation and operation of various
technologies.



5.2. Findings and discussion

In the analysis of the German industrial and multi-family cases, we observed that
many NGDCHP technologies could bring positive economic value to the customers
even without considering incentives. In the meanwhile, metrics like CO2 emissions,
overall efficiency, and system’s peak reduction all improved with the introduction of
NGDCHPs. These observations confirm that NGDCHP systems have the potential to
reduce costs at both the individual customers’ level and at the system level. Among
all technologies investigated in this thesis, internal combustion engines are the most
economically attractive ones.

The implication is two-fold: if the policy maker is interested in incentivizing CHP
penetrations at minimum incentives in the near term, they should promote the
awareness of ICEs and encourage technical improvement of this mature technology;
however, if the policy maker is more concerned about technical breakthrough in the
long term, especially within the fuel cell field --where electric efficiency can be much
higher while pollution and noise can be significantly reduced-- then stimuli
targeting emerging technologies should be warranted. Otherwise, they would not be
competitive with ICEs in current market conditions.

We also contrasted customers’ installations and operations decisions under various
tariff structures scenarios. The decisions are noticeably influenced by the tariff
methods. Volumetric-only tariffs suffer from potential cross-subsidization. They also
encourage higher CHP utilization rates and installations because of the higher
variable electricity price. In comparison, calculating electricity prices based on
different cost drivers could send the correct economic signals to the customers
while still meeting the sustainability principle for tariff designs. Regulators can
introduce incentives to achieve a more desirable CHP installation and utilization
level. With the advent of smart meters and grid analysis tools like RNM, more
accurate measurement and estimation of the cost components as well as time-
dependent tariff rates are now made possible. Coincident charges and hourly
volumetric electricity prices can effectively incentivize CHP generation during
system’s peak compared with traditional contracted capacity charges and flat
volumetric prices. Regulators should consider implementing these methods when
feasible.

The current Cogeneration Law implemented in Germany, and the incentives derived
from it, has major implications for the residential customers, but not so much for the
industrial players. We believe it is because German regulators recognize that
industrial players have strong motivations to install CHP systems even without
government subsidies. We also explored the effects of a CAPEX incentive, which can
shorten the payback period while not distorting the short-term economic signals.
Such method can result in higher upfront costs for the government, but the
annualized subsidy is commensurable with the current production-based incentive
scheme.



Changing market conditions can have significant effects on the economic value of
CHP systems installed on-site. The annual savings are most sensitive to electricity
purchase prices. If electricity prices keep rising or are expected to rise in the future,
then we might see more penetration of distributed CHPs even without incentives or
major technical breakthroughs. On the other hand, however, if the future electricity
price is considered uncertain, customers may become reluctant to install CHPs as
they are concerned about the risk of lower annual savings and longer payback
periods.

5.3. Future Research

5.3.1. Areas of improvement

As noted in sections 4.3.2.1 and 4.4.2.1, we chose certain representative models of
various CHP technologies with discrete unit capacities. However, this is by no means
a comprehensive representation of the technical and economic characteristics of the
technologies. In particular, the lumpiness of the larger models renders the
installation decisions binary, which limit the different tariff designs to achieve their
full potentials. This drawback is carefully weighed against the benefits and
disadvantages of a semi-continuous unit capacity. If we set the unit capacity of a
technology to a small number, say 1 kW, then the customer would pick the “optimal”
installed size according to the economic signals received. However, the validity of
this method requires a strong assumption that the unit size of the technology is
independent from other techno-economic parameters like capital costs per kW,
electric efficiency and heat-to-power ratio, which is not realistic given our
discussion in Section 2.1.3. A better compromise is to include more models with
different unit sizes in the analysis, but time and data availability should be
considered when deciding to what extent the technology pool can be expanded.

In Section 4.3.3.1. we discussed how the artificial minimum part-load constraint
distorts the optimal operation decisions of certain large CHP technologies. The
constraint is in place to reflect the fact that the electric efficiency of generators
deteriorates when the electric output decrease. A better way to model this
phenomenon is to implement variable efficiencies that change according to the
electric output, even though such a method could also result in longer
computational times.

The thesis could explore and draw more general conclusions and insights through
incorporating more diverse energy load conditions and market conditions. The
research energy loads are based on the profiles of a food processing factory and a
multi-family residential building in Berlin, Germany. The electricity and fuel prices
are also specific to the region. However, as discussed in section 4.2, market
conditions vary widely across Europe, among industries and over time. Thus, it will
be helpful to incorporate more scenarios for different applications and in different
European nations. In a relevant research project sponsored by Eni Corporation, we



find the regulations and incentives for CHPs can be very different in different EU
nations. For instance, while direct monetary remuneration is implemented in
Germany, Italian regulators adopted a more complex non-monetary CHP incentive
that provides CHP systems with dispatch priority and energy saving certificates.
There are also certain constraints on the minimum overall efficiency of the CHP
systems to be considered for these types of incentives. As a result, the installation
and operation decisions might vary even, if the price level and tariff structure are
the same.

Finally, we broke down the network charges into different cost-driver categories
taking Bharakumar’s (2015) work based on specific distribution systems in the US.
Although we find the system of choice to be general and representative enough,
there might still be important differences between systems in different regions.
Therefore, it would be helpful to simulate a distribution system in the Berlin area
using RNM in order to get representative costs for that system

5.3.2. Areas for additional research

The framework developed for this thesis could be used to explore other questions of
interest. For example, this work assumed low penetration of distributed CHP
systems and pre-determined rate of charges. However, as the penetration rate
increase, the accommodation of distributed CHP systems can have noticeable impact
on the system’s cost and grid operations and the rates may be calculated
dynamically to illustrate such effects and ensure an adequate remuneration level for
the utility company. To understand these effects, some of the results of this thesis
can be combined with the Reference Network Model (RNM) and simulate the
expansion process of the grid, while integrating DGs and identify the costs of having
important DG penetration.

Moreover, further research could be done incorporating demand response and
other secondary services that distributed CHP systems can provide. This research
fixes the energy load to focus on the customers’ reactions to economic signals only
through installation and operations of CHPs. However, in real life, customers can
shift or cut their energy needs when the system is at its peak, if correct economic
signals are sent. Introducing demand response may reduce the attractiveness of
CHP systems as the customers now have more choices. Also, given the
controllability of gas fired distributed DGs, customers may receive extra benefits
through providing secondary services such as voltage and frequency regulations.

Finally, customers and regulators could be interested in how CHPs compete and
coordinate with other distributed energy technologies like small wind turbines,
batteries, heat storage and solar photovoltaic (PV) panels. In addition, as discussed
in 4.4.3.1, gas powered space conditioning technologies (like heat pumps) as well as
the notion of tri-generation are also worth exploring. Indeed, the presence of other



technologies is significant in certain regions of Europe3’, where the CHP
technologies face both competition and opportunities from the synergies that may
arise with other technologies.

37 For instance, the installed capacity of PV panels in Germany reached 38GW by the
end of 2014 and 60% of these capacities are at the distribution level, according to
Bundesnetzagentur.
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Appendices

Appendix A: Manufacturers database

Appendix A.1: Reciprocating Engines

Reciprocating engines - Performance and costs characteristics

Technology < 50kWe 50kWe - 500kWe 500kWe - 1000kWe 1000kWe - 10,000kWe
Electric output range 1.0 - 50.0 51.0-497.0 532 - 800 1,200 - 9,425.0
Thermal output range 2.5-91.0 84.0-632.0 348 - 1,260 746.0 - 8,745.0
Electric efficiency (1) 25.0-34.2 28.4-44.0 35.0-42.2 36.0-45.9
Thermal efficiency 51.0-67.0 43.0-56.5 44.0-51.2 35.0-47.5
Overall efficiency 84.0-96.0 78.6-91.3 79.0-90.9 73.0-90.8
Heat-to-power ratio 1.54-3.0 0.76-1.8 0.64-1.29 0.62-1.29
Noise (2) 41-68 63-72 74
Maintenance interval 1,400-10,000 - 1,000 -
Lifetime 10-20yr 50,000 - 60,000 hr 50,000 hr -
Capital cost 1,100 - 2,200 (if >100kWe); 2,500 - 4,000 (if 5 - 100kWe); 6,000 - over 24,000 (if < SkWe)

Fuels Natural Gas - LPG - Biodiesel - Biogas - Fuel Oil - Butane - Sewage gas - Vegetable oil

Applications for heat recovery

Development status

Deployment

Space heating - Hot water - Low Pressure Steam

Mature and commercially available

Europe, Japan, Russia, Canada, US

Sources: Own elaboration based on manufacturers datasheets, Angrisani et al. (2012), Maghanki et al. (2013), Barbieri et al. (2012), EU Joint Research Centre (2012), EPA
Report (2008), NREL (2003)

Notes: (1) LHV efficiency. (2) Noise at 1-2m of distance.

Manufacturer Product Name  Electrical efficiency Thermal efficiency Overall efficiency Electrical output Heat output Heat-to-Power ratio Noise Fuel Link
[%] [kWe] [kWth] [p.u.] [db]
COGENGREEN S.A. ecoGEN402-SG 37.5% 52.5% 90.0% 402.0 563.0 1.400 72 NG http://www.valiza.es/imag/{
COGENGREEN S.A. ecoGEN340SH 44.0% 43.0% 87.0% 340.0 3200 0.941 70 Vegetable Oil http://www.cogengreen.com
COGENGREEN S.A. ecoGEN250-SH 43.0% 45.0% 88.0% 250.0 261.0 1.044 68 Vegetable Oil http://www.cogengreen.com
COGENGREEN S.A. ©ecoGEN237-5G 35.5% 55.5% 91.0% 237.0 372.0 1.570 70 NG http://www.valiza.es/imag/t
COGENGREEN S.A. ©ecoGEN201-SG 33.7% 55.8% 89.5% 201.0 333.0 1.657 70 NG http://www.valiza.es/imag/t
COGENGREEN S.A. ecoGEN180-SH 42.0% 45.0% 87.0% 180.0 193.0 1.072 70 Vegetable Oil http://www.cogengreen.com
COGENGREEN S.A. ©ecoGEN150-SH 41.0% 45.0% 86.0% 150.0 165.0 1.100 70 Vegetable Oil http://www.cogengreen.com
COGENGREEN S.A. ecoGEN140-5G 35.0% 56.0% 91.0% 140.0 216.0 1.543 66 NG http://www.valiza.es/imag/t
COGENGREEN S.A. ©ecoGEN113-5G 34.0% 55.0% 89.0% 113.0 180.0 LEEE 68 NG http://www.valiza.es/imag/t
COGENGREEN S.A. @ecoGEN70-SG 34.5% 56.5% 91.0% 70.0 114.0 1.629 68 NG http://www.valiza.es/imag/;
COGENGREEN S.A. ecoGEN48-SG 33.0% 55.0% 88.0% 48.0 77.0 1.604 68 NG, LPG http://www.cogengreen.com
COGENGREEN S.A. ecoGEN30-AH 32.0% 58.0% 90.0% 30.0 52.0 1.733 65 Vegetable Oil http://www.cogengreen.com
COGENGREEN S.A. ecoGEN30-AG 28.0% 62.0% 90.0% 30.0 67.0 25223) 53 NG, LPG http://www.cogengreen.com
COGENGREEN S.A. ecoGEN30-5G 28.0% 60.0% 88.0% 30.0 65.0 2.167 60 NG, LPG http://www.valiza.es/imag/;
COGENGREEN S.A. ©ecoGEN25-AH 31.0% 57.0% 88.0% 25.0 440 1.760 60 Vegetable Oil http://www.cogengreen.com
COGENGREEN S.A. ecoGEN20-AH 31.0% 57.0% 88.0% 20.0 35.0 1.750 60 Vegetable Oil http://www.cogengreen.com
COGENGREEN S.A. ecoGEN18-AG 33.0% 57.0% 90.0% 18.0 320 1.778 53 NG, LPG http://www.cogengreen.com
COGENGREEN S.A. ecoGEN18-5G 31.5% 55.5% 87.0% 17.7 31.0 1.751 68 NG, LPG http://www.valiza.es/imag/;
COGENGREEN S.A. ecoGEN12-AG 28.5% 61.5% 90.0% 12.0 27.0 2.250 53 NG, LPG http://www.cogengreen.com
COGENGREEN S.A. ecoGEN12-AH 28.5% 61.5% 90.0% 12.0 26.0 2.167 58 Vegetable Oil http://www.cogengreen.com
COGENGREEN S.A. ecoGEN12-SG 28.0% 60.0% 88.0% 12.0 26.0 2.167 58 NG, LPG http://www.valiza.es/imag/;
COGENGREEN S.A. ecoGEN10-AG 27.0% 62.0% 89.0% 9.9 230 2.323 55 NG, LPG http://www.valiza.es/imag/t
COGENGREEN S.A. ecoGEN10-SG 27.0% 60.0% 87.0% 9.9 220 2.222 58 NG, LPG http://www.valiza.es/imag/y
COGENGREEN S.A. ecoGENO8-AG 27.4% 61.6% 89.0% 8.0 18.0 2.250 53 NG, LPG http://www.cogengreen.com
COGENGREEN S.A. ecoGENO8-AH 28.0% 62.0% 90.0% 8.0 18.0 2.250 53 Vegetable Oil http://www.cogengreen.com
COGENGREEN S.A. ecoGENO08-SG 25.3% 60.7% 86.0% 75 18.0 2.400 57 NG, LPG http://www.valiza.es/imag/t
EC POWER XRGI 20 32.0% 64.0% 96.0% 20.0 40.0 2.000 49 NG, Propane, Butane http://typo3.ecpower.dk/file
EC POWER XRGI 15 30.0% 62.0% 92.0% 15.0 300 2.000 49 NG, Propane, Butane http://typo3.ecpower.dk/file
EC POWER XRGI 9 29.5% 63.5% 93.0% 9.0 20.0 2222 49 NG, Propane, Butane h 'typo3.ecpower.dk/file
EC POWER XRGI 6 29.5% 63.5% 93.0% 6.0 135 2.250 49 NG, Propane, Butane http://typo3.ecpower.dk/file



Manufacturer Product Name  Electrical efficiency Thermal efficiency Overall efficiency Electrical output Heat output Heat-to-Power ratio Noise Fuel Link
1%] %] (%] [kwe] [kwth] [p.u] [db]
EPA 2008 Catalog RES 39.0% 35.0% 74.0% 5,000.0 4,463.0 0.897 = NG EPA(2008)
EPA 2008 Catalog RE4 36.0% 37.0% 73.0% 3,000.0 3,084.0 1.028 = NG EPA(2008)
EPA 2008 Catalog RE3 35.0% 44.0% 79.0% 800.0 1,260.0 1.257 = NG EPA(2008)
EPA 2008 Catalog RE2 34.6% 44.0% 78.6% 300.0 632.0 1272 = NG EPA(2008)
EPA 2008 Catalog REL 28.4% 51.0% 79.4% 100.0 179.0 1.796 e NG EPA(2008)
Honda Ecowill MCHP1.0R 26.3% 65.7% 92.0% 1.0 25 2.500 - NG, LPG _http://world.honda.com/poy
Senertec Dachs F 5.5 27.0% 61.0% 88.0% 55 125 2273 52-56 LPG https://www.senertec.com/i
Senertec Dachs G.5.5 27.0% 61.0% 88.0% 55 125 2273 52-56 NG https://www.senertec.com/i
Senertec Dachs HR 5.3 - - - 53 10.5 1.981 54-58 Fuel oil EL https://www.senertec.com/e
Senertec Dachs HR 5.3 - - - 53 103 1.943 54-58 Biodiesel (RME) https://www.senertec.com/e
Senertec Dachs G.5.0 26.0% 63.0% 89.0% 5.0 123 2460 52-56 NG https://www.senertec.com/i
SOKRATHERM GmbH GG 530 39.7% 51.2% 90.9% 532.0 686.0 1.289 74 NG http://www.sokratherm.de/t
SOKRATHERM GmbH GG 402 38.8% 51.5% 90.3% 405.0 538.0 1.328 72 NG http://www.sokratherm.de/t
SOKRATHERM GmbH  FG 402 38.6% 52.4% 91.0% 405.0 550.0 1.358 72 Sewage Gas, Biogas
SOKRATHERM GmbH  FG 363 38.7% 51.7% 90.4% 366.0 489.0 1.336 72 Sewage Gas or biogas
SOKRATHERM GmbH  FG 250 38.7% 522% 90.9% 254.0 343.0 1.350 72 Sewage Gas or biogas
SOKRATHERM GmbH GG 237 35.7% 55.6% 91.3% 239.0 3720 1.556 70 NG http://www.sokratherm.de/t
SOKRATHERM GmbH  FG 180 38.5% 49.5% 88.0% 2100 270.0 1.286 69 Sewage Gas or biogas
SOKRATHERM GmbH GG 201 34.6% 55.9% 90.5% 205.0 331.0 1615 70 NG http://www.sokratherm.de/t
SOKRATHERM GmbH  FG 123 38.3% 52.5% 90.8% 181.0 248.0 1.370 69 Sewage Gas or biogas
SOKRATHERM GmbH GG 140 36.2% 55.1% 91.3% 142.0 216.0 1.521 69 NG http://www.sokratherm.de/t
SOKRATHERM GmbH  FG 95 36.1% 52.8% 88.9% 123.0 180.0 1.463 67 Sewage Gas or biogas
SOKRATHERM GmbH GG 113 34.9% 54.7% 89.6% 114.0 179.0 1.570 68 NG http://www.sokratherm.de/t
SOKRATHERM GmbH GG 70 34.8% 55.9% 90.7% 710 114.0 1.606 63 NG http://www.sokratherm.de/t
SOKRATHERM GmbH  FG 50 33.8% 55.6% 89.4% 51.0 84.0 1.647 63 Sewage Gas or biogas
SOKRATHERM GmbH GG 50 34.2% 56.2% 90.4% 50.0 82.0 1.640 62 NG http://www.sokratherm.de/t
SOKRATHERM GmbH  FG 34 33.7% 55.8% 89.5% 35.0 58.0 1.657 62 Sewage Gas or biogas http://www.sokratherm.de/t
Manufacturer Product Name  Electrical efficiency Thermal efficiency Overall efficiency ~Electrical output Heat output Heat-to-Power ratio Noise Fuel Link
(%) 9% % [kwe] [kwth] [p.u [db]
TEDOM Quanto RR9000 45.9% 42.6% 88.5% 9,425.0 8,745.0 0.928 - NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Quanto D4000 43.2% 47.4% 90.6% 4,300.0 4,722.0 1.098 - NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Quanto D3000 43.2% 47.2% 90.4% 3,333.0 3,646.0 1.094 - NG http://cogeneration tedom.com/down/750.pdf
TEDOM Quanto D2000" ‘" 43.7% 47.0% 90.7% 2,000.0 2,155.0 1.078 NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Quanto D1600* " 433% 47.5% 90.8% 1,560.0 1,709.0 1.096 - NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Quanto D1200* " 43.7% 47.1% 90.8% 1,200.0 1,295.0 1.079 - NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Quanto D770" (P 42.2% 48.4% 90.6% 800.0 918.0 1.148 = NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Quanto D580* (" 41.9% 48.7% 90.6% 600.0 698.0 1.163 - NG http://cogeneration tedom.com/down/750.pdf
TEDOM Cento L500* (€HP unit 40.1% 47.5% 87.6% 497.0 588.0 1.183 = NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Cento L450* (P unit 39.6% 48.0% 87.6% 455.0 550.0 1.209 - NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Cento 1410*(€HPunit 39.0% 48.7% 87.7% 410.0 511.0 1.246 = NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Quanto D400" (P 42.1% 48.0% 90.1% 400.0 456.0 1.140 = NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Cento 330" (€HPunit 40.1% 47.5% 87.6% 331.0 392.0 1.184 B NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Cento 230" (€HPunit 39.6% 47.6% 87.2% 235.0 2820 1.200 = NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Cento 1200* (P unit 39.9% 47.6% 87.5% 206.0 246.0 1.194 NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Cento T200* (P unt 39.2% 49.5% 88.7% 200.0 253.0 1.265 = NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Cento T180" (P o 39.2% 49.5% 88.7% 184.0 2320 1261 - NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Cento T160* (P unt 37.8% 50.9% 88.7% 164.0 221.0 1348 B NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Cento T120° (" vt 36.4% 51.7% 88.1% 125.0 177.0 1416 - NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Cento T100" (P v 36.9% 50.5% 87.4% 104.0 142.0 1365 - NG http://cogeneration tedom.com/down/750.pdf
TEDOM Cento T8Q* (CHP unitit 35.1% 52.2% 87.3% 81.0 1200 1.481 = NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Cento M50 (P unit 33.8% 53.5% 87.3% 50.0 79.0 1.580 - NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Micro T50 325% 61.6% 94.1% 48.0 91.0 1.896 - NG http://cogeneration tedom.com/down/750.pdf
TEDOM Micro T30 30.7% 64.8% 95.5% 300 633 2.110 - LPG http://cogeneration.tedom.com/down/750.pdf
TEDOM Micro T30 31.2% 64.1% 95.3% 300 616 2.053 NG http://cogeneration tedom.com/down/750.pdf
TEDOM Micro T7 27.0% 66.3% 93.3% 7.0 17.2 2.457 NG http://cogeneration.tedom.com/down/750.pdf
TEDOM Micro T7 26.4% 67.0% 93.4% 7.0 17.7 2529 LPG _http;//cogeneration.tedom.com/down/750.pdf
TEDOM Tri-generatior Quanto D2000 - A - - - 2,000.0 1,977.0 0.989 - NG cogeneration.tedom.com/download/3/751/Tedom%
TEDOM Tri-generatior Quanto D2000 - B - - - 2,000.0 1,236.0 0.618 - NG cogeneration.tedom.com/download/3/751/Tedom%
TEDOM Tri-generatior Quanto D1200 -A - - - 1,200.0 1,189.0 0.991 - NG cogeneration.tedom.com/download/3/751/Tedom%
TEDOM Tri-generatior Quanto D1200 - B - - - 1,200.0 746.0 0.622 - NG cogeneration.tedom.com/download/3/751/Tedom%
TEDOM Tri-generatior Quanto D600 —A - - - 600.0 658.0 1.097 - NG cogeneration.tedom.com/download/3/751/Tedom%
TEDOM Tri-generatior Quanto D600 B - - - 600.0 384.0 0.640 - NG cogeneration.tedom.com/download/3/751/Tedom%
TEDOM Tri-generatior Cento T200 -A - - - 200.0 265.0 1325 - NG cogeneration.tedom.com/download/3/751/Tedom%
TEDOM Tri-generatior Cento T200-B - - - 200.0 1520 _ 0.760 - NG cogeneration.tedom.com/download/3/751/Tedom%



Appendix A.2: Turbines

Manufacturer Model name Power capacity  Electric efficiency Source / Link
[kwe] [%]
Dresser Rand Company  KG2-3E Gas Turbine 1,934 16.8  http://www.dresser-rand.com/literature/turbo/2173_KG2_3E.pdf
Dresser Rand Company KG2-3G Gas Turbine 2,000 25.5 http://www.dresser-rand.com/literature/turbo/KG2_3G_flier.pdf
Kawasaki Turbines M7A-03SD 7,810 33.6
Kawasaki Turbines M7A-02D 6,780 30.4
Kawasaki Turbines M1A-17D 1,690 26.9
Kawasaki Turbines S2A-01 634 19.4
Kawasaki Turbines M1A-13A 1,490 24.2
Kawasaki Turbines M1A-13D 1,490 24.0
Kawasaki Turbines M1A-13X 1,430 23.6
Kawasaki Turbines M1A-17 1,690 26.6
Kawasaki Turbines M1A-17D 1,690 26.6
Kawasaki Turbines M1T-13A 2,930 23.8
Kawasaki Turbines M1T-13D 2,930 23.6
Kawasaki Turbines M7A-01 5,530 29.6
Kawasaki Turbines M7A-01D 5,400 29.2
Kawasaki Turbines M7A-02 6,800 303
Kawasaki Turbines M7A-02D 6,740 30.2
Kawasaki Turbines M7A-03 7,450 33.1
Kawasaki Turbines M7A-03D 7,440 33.1 http://www.kawasakigasturbines.com/files/gtgs100621.pdf
Rolls-Royce 501-KB5S 3,897 290 s rellls-
Relll-feye SOLETS B2 JE royce.com/energy/energy_products/gas_turbines/501/
Rolls-Royce 501-KH5 6,447 40.1 -
Solar Turbines Saturn 20 1,210 24.4
Solar Turbines Centaur 40 3,515 27.9
Solar Turbines Centaur 50 4,600 293
Solar Turbines Mercury 50 4,600 384
Solar Turbines Taurus 60 5,670 315
Solar Turbines Taurus 65 6,300 32.8
Solar Turbines Taurus 70 7,965 34.3 http://mysolar.cat.com/cda/files/255309/7/bpgpsg.pdf; http://mysolz
Siemens SGT-100 5,400 31.0 . . .
e — e 6.750 - httpf//www.energy.memens.com/hq/en/foss|I-power—generatlon/gas—
) turbines/
Siemens SGT-300 7,900 30.6
Vericor VPS1 487 204
Vericor VPS3 3,086 26.8
Vericor VPS4 3,451 28.4  http://www.vericor.com/vps-series-gensets.html
Centrax CX501-KB5 3,900 29.1 .
p— LY 5300 — r:tmtlz.//www.centraxgt.com/products/generator-set-cx501-kb5-39-
Centrax CX300 7,900 31.0
Nigata EGT 5,736 - http://www.niigata-power.com/english/Products/turbines/index.html
Man Diesel & Turbo MGT6100 6,530 32.0 http://www.mandieselturbo.com/0000795/Solutions-and-
Man Diesel & Turbo 1304-10N 10,080 29.2 Applications/Power/Turbine-Based-Power-Plants/Gas-Turbines.html

Appendix A.3: Microturbines

Company Model name Power capacity (kWe) Electric efficiency LHP(%) Link / Source
[kWe] [%]
Capstone C30LP 28 26.1
Capstone C30 HP 30 26.1
Capstone C30 HzZLC 30 26.1
Capstone Cc65 65 29.0
Capstone C65 ICHP 65 29.0
Capstone C65 CARB 65 279
Capstone C65 CARB 65 29.0
Capstone C65 HZLC 65 279
Capstone C200 LP 190 31.0 http://www.microturbine.com/_docs/Product%20Catalog_ENGLISH_LR.pdf
Capstone C200 HP 200 33.0
Capstone €200 HzZLC 200 33.0
Capstone C600 LP 570 31.0
Capstone €600 HP 600 33.0
Capstone €800 LP 760 31.0
Capstone C800 HP 800 33.0
Capstone C1000 LP 950 31.0
Capstone C1000 HP 1,000 33.0
FlexEnergy MT250 250 30.0 http://www.flexenergy.com/pdfs/FlexEnergy_MT250_Spec_Sheet.pdf
FlexEnergy MT333 333 32.0 http://www.flexenergy.com/pdfs/FlexEnergy_MT333_Spec_Sheet.pdf
MTT Micro Turbine Technology Enertwin (CHP) 3 15.0 http://www.enertwin.com/cms/files/EnerTwin-specifications-2014-MR.pdf



- e a & am.s 1e - .
Electrical  Thermal  Overall Electrical Heat  Heatoutput Heat-to-
Manufacturer Product Name efficiency efficiency efficiency output output w/osuppl. Power ratio Noise Fuel Source / Link
[%] (%] (%] [kwe] [kwth] [kwth] [p.u] [db]
Microgen Engine
Corporation (MEC) - 19.0% 730%  92.00% 10 6.0 384 3.842 - NG EPRI (2009)
ENATEC / Rinnai - 12.0% 83.0% 95.00% 1.0 7.0 6.92 6.917 - NG EPRI (2009)
Whisper Tech/Efficient
Home Energy (EHE) - 12.0% 780%  90.00% 10 14.0 650 6500 - NG EPRI (2009)
Disenco - 15.0% 77.0% 92.00% 3.0 12.0 15.40 5.133 NG, Biogas EPRI (2009)
NG, Propane, Wood
Qnergy under development - - - 35 14.0 - - Very low pellets, Biofuel  http://www.qnergy.com/products_overvie
NG, Propane, Wood
Qnergy QCHP7500 200%  75.00% 95.00% 75 30.0 2813 375 65dBA@1m pellets, Biofuel http://www.gnergy.com/sites/Qnergy/Use:
Inspirit Energy (former
Disenco) Inspirit mCHP 16.0% 76.0% 92.00% 3.0 15.0 14.25 4750  50dBA@1m NG http://www.inspirit-energy.com/mchp.htr
Trinum - dish Stirling solar
Innova - MEC FPSE cogeneration 13.8% 414%  5520% 10 30 3.00 3.000 SOLAR p://www.innova.co.i Jprod
BDR Thermea - MEC FPSE Baxi Ecogen 24/1.0 13.0% 77.9% 90.9% 1.0 24.0 6.00 6.000 <46dbA@1m NG http://www.baxiknowhow.co.uk/campaigr
BDR Thermea - MEC FPSE Baxi Ecogen 24/1.0 LPG 13.0% 76.6% 89.6% 1.0 238 5.90 5.900 <46dbA@1m LPG http://www.baxiknowhow.co.uk/campaigr
KD Navien HYBRIGEN SE NCM-1030HH 15.4% 81.5% 96.92% 1.0 283 5.30 5.300 46dBA http://en.kdnavien.com/product/product_
Vitotwin 350-F w/DHW
Viessmann cilinder 7501t / Compact 15.0% 81.0% 96.00% 1.0 26.0 5.40 5.400 ps:, i com/c
Viessmann Vitotwin 300-W / Compact 15.0% 81.0% 96.00% 1.0 26.0 5.40 5.400 https://www.viessmann.com/com/content
NG, LPG, LNG, biogas,
CleaNergy 96 25.0% 700%  95.00% 9.0 26.0 25.20 2.800 <58db landfill gas pi//www.stirli Jobsah/mikra
Appendix A.5: Fuel Cells
Comparison of Fuel Cell Technologies
Fuel Cell Common Operating | Typical Stack | Efficiency Applications Advantages Disadvantages
Type Electrolyte | Temperature Size
Polymer | Perfluoro 50-100°C | < kW=100kW 60% « Backup power + Solid electrolyte re- + Expensive catalysts
Electrolyte | sulfonic acid 122-212° transpor- | « Portable power duces corrosion & electrolyte « Sensitive to fuel impurities
Membrane typically tation [« Distributed generation | management problems * Low temperature waste
(PEM) 80°C 35% « Transporation + Low temperature heat
stationary | « Specialty vehicles * Quick start-up
Alkaline | Aqueous 90-100°C 10-100 kW 60% « Military + Cathode reaction faster * Sensitive to CO,
(AFC) solution of 194-212°F « Space in alkaline electrolyte, in fuel and air
potassium leads to high performance * Electrolyte management
hydroxide * Low cost components
soaked in a
matrix
Phosphoric | Phosphoric 150-200°C 400 kW 40% « Distributed generation | « Higher temperature enables CHP | « Pt catalyst
Acid acid soaked 302-392°F 100 kW « Increased tolerance to fuel « Long start up time
(PAFC) in a matrix module impurities * Low current and power
Molten Solution 600-700°C 300 45-50% | * Electric utility « High efficiency * High temperature cor-
Carbonate | of lithium, M2-1292°F kW-3 MW « Distributed generation | « Fuel flexibility rosion and breakdown
(MCFC) sodium, and/ 300 kW « Can use a variety of catalysts of cell components
or potassium module « Suitable for CHP * Long start up time
carbonates, * Low power density
soaked in a
matrix
Solid Oxide | Yttria stabi- 700-1000°C | 1kW=-2 MW 60% « Auxiliary power « High efficiency * High temperature cor-
(SOFC) | lized zirconia | 1202-1832°F « Electric utility * Fuel flexibility rosion and breakdown
« Distributed generation |+ Can use a variety of catalysts of cell components
+ Solid electrolyte * High temperature opera-
« Suitable for CHP & CHHP tion requires long start up
« Hybrid/GT cycle time and limits

For More Information
More information on the Fuel Cell Technologies Program is available at http;/www.hydrogenandfuelcells.energy.gov.



Appendix B: German electricity price breakdown according to cost drivers

Electricity Price
Volume-weighted average as of 1 April 2013

Net network tariff

Charge for billing

Charge for metering

Charge for meter operations
Concession fees

Surcharge under EEG

Surcharge under section 19 StromNEV
Surcharge under KWKG

Surcharge for offshore liability

Tax (electricity and VAT)

Energy procurement and supply (incl. margin)
Energy procurement

Supply (incl. margin)

Electricity tax

Valued-added tax

Total

Network
Energy

Tax and Levies
Other

ct/kWh
ct/kWh
ct/kWh
ct/kWh
ct/kWh
ct/kWh
ct/kWh
ct/kWh
ct/kWh
ct/kWh
ct/kWh
ct/kWh
ct/kWh
ct/kWh
ct/kWh
ct/kWh

Industrial customers™?

1.78
0.002
0.002
0.003

0.11

5.28

0.05

0.06

0.05

4.79

5.05

10%
29%
60%

Industrial customers taking into
account max. possibilities of

reductions®

0.36
0.002
0.002
0.003

0

0.45

0.03

0.03

0.03

3.57

5.05

9.53
4%
53%

43%
0%

Business customers™*®

5.49
0.08
0.04
0.06
1.24
5.28
0.13
0.33
0.25
6.31
7.54

21%
28%
51%

1%

all tariff categories)®’

Household customers (across

5.83
0.35
0.09
0.25
1.67
5.28
0.33
0.13
0.25

6.25
2.21
2.05
4.69

29.38

Appendix C: Number of days for three different day types in each month

peak week weekend
January 3 20 8
February 3 17 9
March 3 19 9
April 3 19 8
May 3 18 10
June 3 19 8
July 3 20 8
August 3 18 10
September 3 19 8
October 3 19 9
November 3 18 9
December 3 20 8

Appendix D: Hourly Marginal CO2 Emission rate on the grid.

Hour 1
January 0.482
February 0.505
March 0.505
April 0.524
May 0.531
June 0.500
July 0.483
August 0.520
September 0.511
October 0.489
November 0.504
December 0.487

2
0.481
0.522
0.556
0.547
0.564
0.485
0.497
0.512
0.481
0.496
0.499
0.507

3
0.494
0.508
0.558
0.616
0.580
0.540
0.484
0.520
0.493
0.501
0.503
0.506

4
0.486
0.531
0.548
0.605
0.565
0.539
0.490
0.518
0.512
0.507
0.514
0.502

5
0.485
0.516
0.529
0.560
0.545
0.429
0.505
0.534
0.486
0.517
0.502
0.517

0.509
0.506
0.520
0.503
0.496
0.493
0.493
0.518
0.533
0.502
0.493
0.501

0.525
0.507
0.500
0.532
0.522
0.513
0.493
0.513
0.507
0.530
0.521
0.523

20%
29%
49%

2%

0.517
0.529
0.501
0.509
0.513
0.510
0.511
0.491
0.517
0.530
0.502
0.508



Hour
January
February
March
April

May

June

July
August
September
October
November
December

Hour
January
February
March
April

May

June

July
August
September
October
November
December

0.507
0.510
0.486
0.508
0.500
0.460
0.518
0.505
0.527
0.513
0.523
0.518

17
0.521
0.528
0.488
0.518
0.534
0.557
0.525
0.516
0.528
0.528
0.523
0.532

10
0.498
0.504
0.484
0.502
0.486
0.484
0.518
0.519
0.519
0.505
0.509
0.504

18
0.512
0.540
0.499
0.517
0.484
0.508
0.530
0.528
0.545
0.522
0.519
0.527

* all numbers in kgC02/kWh

Appendix E: Other assumptions

Natural gas conversion efficiency of alternative technologies:

space-heating
water-heating
naturalgas-only

11
0.504
0.493
0.475
0.503
0.483
0.496
0.516
0.536
0.518
0.515
0.510
0.497

19
0.507
0.515
0.491
0.487
0.493
0.494
0.529
0.545
0.549
0.523
0.504
0.518

12
0.504
0.486
0.482
0.507
0.491
0.470
0.539
0.541
0.541
0.510
0.503
0.506

20
0.488
0.507
0.484
0.581
0.527
0.468
0.533
0.564
0.543
0.519
0.505
0.506

* kW of heat produced from one kW of natural gas

CO2 emission rate of natural gas: 0.18084 kg/ kWh

13
0.509
0.490
0.482
0.499
0.481
0.502
0.557
0.532
0.541
0.523
0.516
0.522

21
0.519
0.495
0.485
0.541
0.497
0.502
0.523
0.532
0.540
0.499
0.512
0.504

14
0.492
0.501
0.487
0.506
0.482
0.515
0.515
0.544
0.511
0.509
0.511
0.511

22
0.510
0.498
0.488
0.508
0.482
0.501
0.512
0.511
0.536
0.489
0.504
0.495

15
0.511
0.497
0.494
0.507
0.497
0.514
0.482
0.511
0.543
0.510
0.516
0.511

23
0.498
0.492
0.491
0.516
0.499
0.467
0.489
0.511
0.502
0.495
0.492
0.507

16
0.525
0.496
0.495
0.480
0.518
0.520
0.453
0.542
0.491
0.513
0.512
0.527

24
0.474
0.489
0.514
0.506
0.512
0.477
0.478
0.527
0.514
0.492
0.489
0.486



