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Preface

The ever increasing energy consumption of buildings, and of harmful CO,
emission, which causes global warming, necessitate the urgent need of energy
conservation. Moreover, because of relatively low combustion efficiency and no
abatement measures, emission factors of various pollutants, especially the
incomplete combustion products, from buildings are much higher than those in
other sectors. For these reasons, energy efficiency in buildings is today a prime
objective for energy policy at regional, national and international levels.

Polygeneration systems, by generating two or more energy products in a single
integrated process, can offer potential benefits to humanity and environment,
reducing greenhouse-gas emissions, increasing decentralization of energy supply at
lower cost, improving energy security, and avoiding energy losses from electricity
transmission and distribution networks. Therefore, in recent years such kind of
systems has attracted much interest in building and residential sector applications.

However, to address sustainability issues properly, it is important to consider the
complexity of polygeneration systems due to the interdependence between different
energy products, different types of energy resources and energy conversion devices,
as well as the inclusion of storage units. Therefore, polygeneration is mainly
associated with generation optimization and related to decision making about
production strategies of energy systems. The choice of the operational strategy to
use has to be made taking into account the objectives to be achieved, the available
devices, and the considered time-period, and often it can strongly depend on local
energy policies in terms of costs of energy resources, and provided incentives.

This thesis presents a novel approach for improving, from the economical point
of view, the operation of polygeneration systems, represented by residential natural
gas fuelled Combined Heat and Power (CHP) systems. Optimization problems are
formulated to find the optimized operation schedule of the CHP systems prime
mover, aimed at the maximization of the economic savings obtained from the CHP
systems with respect to the separate generation of electricity and heat. The

13
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sustainability of such approach is evaluated by means of environmental impact
assessments, and its effectiveness is demonstrated through a dynamic simulation.

Keywords: Cogeneration systems, Operation schedule optimization, Heat dumping,
Economic and primary energy savings, Pollutant emission, Dynamic simulation.

Martina Caliano,
April 2017
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Introduction

“We are the first generation to feel the impact of climate change and the last generation that can
do something about it ”

Chapter 1.  Introduction

1.1. Motivation and Background

Environmental degradation due to greenhouse gas emissions is one of the major
threats to the world today. Since Kyoto Protocol, central and local governments
have paid great attention to the issue of greenhouse gas emissions, which are mainly
caused by fossil energy consumption, and the Conference of the Parties on climate
changes (COP 21) has further emphasized the need for urgency in addressing
climate change. Pollutants emission from combustion devices and power plants are
considered to be the most responsible causes of the global warming. According to
the IEA’s report “CO;, Emissions from Fuel Combustion Highlights 2016 [1], in
2014 global CO, emissions reached 32.4 GtCO,, having an increase of 0.8% over
2013 levels. Climate scientists have observed that the atmospheric concentration of
carbon dioxide (CO,) have been increasing significantly over the past century,
compared to the pre-industrial era level of about 280 parts per million (ppm). In
2015, the average concentration of CO, (399 ppm) was about 40% higher than in
the mid-1800s, with an average growth of 2 ppm/year in the last ten years.
Significant increases have also occurred in the levels of methane (CH,4) and nitrous
oxide (N,O) [1]. The Fifth Assessment Report from the Intergovernmental Panel on
Climate Change [2] states that human influence on the climate system is clear.
Among the many human activities that produce greenhouse gases, the use of energy
represents by far the largest source of emissions, estimated to be roughly two-thirds
of all anthropogenic greenhouse-gas emissions, as shown in Figure 1.1.
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Figure 1.1. Estimated shares of global anthropogenic GHG [1].

Increasing production of greenhouse-gas emission is especially due to increasing
demand for energy, which comes from worldwide economic growth and
development. Global total primary energy supply increased by almost 150%
between 1971 and 2014, still mainly relying on fossil fuels [2]. Figure 1.2 shows the
world primary energy supply divided into fossil fuel and non fossil fuel energy
supply, in 1971 and 2014.

Figure 1.3 shows the primary energy demand predicted in 2035 by the IEA’s
World Energy Outlook 2013 [3] and the share of global energy demand growth in
the period 2011-2035. This scenario forecasts that the global energy demand will
grow significantly to 2035, especially in emerging economies, that will account for
more than 90% of global net energy demand growth.

Gtoe
14

mFossil mNon fossil

12

10

14 %

o N & O

1971 2014

Figure 1.2. World primary energy supply [1].
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-
W
T

United
States

O Energy demand in 2035

Ja Share of net global energy
demand growth (2011-35)

Figure 1.3. Primary energy demand predicted in selected regions in 2035 and the share of global
growth in the New Policies Scenario in the period 2011-2035 (Mtoe) [3].

The ever increasing demand of energy, and harmful CO, emission, which causes
global warming, necessitate the urgent need of energy conservation [4]. One of the
most energy-consuming sector is the building one. Particularly, the energy
consumption of residential and commercial buildings in developed countries are
continuously increasing more rapidly. Moreover, growth in population, increasing
demand for building services and comfort levels, assure the upward trend in energy
demand will continue in the future [5]. The climate and health impacts of
greenhouse gases are most affected by consumption in the building sector that
contributes significantly, not only to ambient and household air pollution, but also
to temporal trends in energy use. Because of relatively low combustion efficiency
and no abatement measures, emission factors of various pollutants, especially the
incomplete combustion products, from buildings are much higher than those in
other sectors [6]. For these reasons, energy efficiency in buildings is today a prime
objective for energy policy at regional, national and international levels, and
advanced technologies to mitigate global warming and increase the efficiency of
energy systems are being proposed and tested in many countries [7].
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Among these technologies, polygeneration systems offer potential benefits to
humanity and environment, reducing greenhouse-gas emissions, increasing
decentralization of energy supply at lower cost, improving energy security, and
avoiding energy losses from electricity transmission and distribution networks [8].
Polygeneration is the simultaneous generation of two or more energy products in a
single integrated process [9,10]. A possible pathways of polygeneration systems is
shown in Figure 1.4. By providing additional options for energy outputs,
polygeneration can provide increased opportunities to minimize primary energy
consumption, maximize exergy efficiency, and reduce greenhouse gas emissions
[11-18]. The utilization of polygeneration technology can achieve significant
energy savings in the case when both power and heat are used. Therefore, the
overall efficiency of power plants is determined mainly by the utilization of the
thermal energy. Energy efficiency plays an essential role in supplying energy
demands in a sustainable, reliable, and economic way, especially when fossil fuels
are used. Different storage facilities can provide a buffer for temporal imbalance for
different energy products. Thermal storage especially makes it possible to operate
polygeneration plants at the most fuel-efficient load [19,20].

Ventilation

Waste heat for \
domestic hot
water

Cooling

Preheating of

air
| Polygeneration
Production of
Heat

alcohols,
hydrogen and
4 chemicals

Renewable ) i Drying
energy/low Prime mover /Energy
grade heat conversion device /

fossil fuel

,

Electrical power
mechanical output

Figure 1.4. Possible pathways of polygeneration systems [9].



Introduction

To address sustainability issues properly, it is important to consider that
polygeneration systems are more complicated than power-only systems because of
interdependence between different energy products. For this reason, polygeneration
is mainly associated with generation optimization and related to decision making
about production strategies of energy systems [21-29]. In such systems, production
strategies should be centered around the impacts of energy production and energy
consumption on the environment, and are designed and implemented through
different levels of production planning over a time horizon (day, week, month, or
year), including long-term strategic planning, medium-term tactical planning and
short-term operational planning. In general, long-term planning determines capacity
investments and types of production technologies to invest in, medium-term
planning determines the allocation of fuel and emission allowance as well
maintenance schedules of the system, and short-term planning (scheduling) is
associated with unit commitment, economic dispatch of committed plants, and
bidding strategies in the market.

1.2. Aims and originality

The aim of this thesis is to provide a novel approach for improving the operation
of residential natural gas fuelled CHP systems from the economical point of view,
based on the possibility to dump part of the cogenerators heat generation, while
operating with a heat-driven full-load operation mode. This approach differs from
the usual ones used in the cogenerative field as it allows the prime mover of the
CHP systems to operate also when its thermal energy generation is higher than the
sum of the user thermal demand and the thermal energy required to fill a thermal
energy storage system, included to store the exceeding heat for a later use.

In order to evaluate the effectiveness of such operation strategy, its effects on
the operation of CHP systems are evaluated by comparing them to the ones
obtained when the CHP systems operate following two typical operation strategies
for cogenerator, or rather a heat-driven full-load operation strategy without heat
dumping, and a partial-load one.

The CHP systems under consideration are composed of a prime mover,
generating electricity and heat, a thermal energy storage system, and an auxiliary
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boiler, providing for electricity and heat to a multi-apartment housing situated in
Italy.

Firstly, the effects of the heat dumping are evaluated on the operation of four
residential micro-CHP systems, differing from one another on the prime mover
technology, and are compared to the ones obtained considering the CHP systems
operating according to the typical heat-driven full-load operation strategy without
heat dumping. For both operation strategies, an optimization problem is formulated
to find the optimized operation schedule of the CHP systems prime mover that
maximize the revenues for the CHP systems with respect to the separate generation
of electricity and heat, by taking into account of the natural gas and electricity
tariffs, and the Italian incentives for high efficiency cogeneration.

In order to evaluate the effects of the variation of the thermal energy storage
system maximum capacity, and of the auxiliary boiler efficiency on the optimized
results, six sizes of the storage, and two values for the boiler efficiency are
considered, respectively.

To evaluate the environmental impact of the two operation strategies, a model is
proposed for evaluating the annual global emissions of CO, and the annual local
emissions of NOx and CO of the CHP systems by means of emission factors, and
the pollutants emission obtained in each case are compared to the ones of the
separate generation of electricity and heat.

To demonstrate the practical feasibility of the novel operation strategy, the
dynamic simulation of the CHP system operating according to the heat dumping
and no-dumping full-load operation strategies is conducted by means of the
commercial software TRNSYS 17. For the purpose, the simulation of two
optimized cases, one for each operation strategy, that present nearly the same
operation hours and economic savings are carried out, and the choice of the two
configurations is made considering a compromise between the economic savings
and the size of the tank.

To generalize the effectiveness of the novel operation strategy for heat-driven
residential natural gas-fired CHP systems, the effects on the operation of a CHP
system of the novel operation strategy with heat dumping are compared with the
ones relative to the case in which the CHP system operates following the heat-
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driven strategy allowing load partialization. To optimize the operation schedule of
the prime mover, for both cases, an optimization problem is formulated aimed at the
maximization of the economic savings that can be obtain with respect to a separate
generation system of electricity and heat, and the evaluation of the annual global
emissions of CO, and the annual local emissions of NOx and CO of the CHP
systems operating according to the two operation strategies are compared to each
other and to the ones of the separate generation. Also in this case, the variation of
the storage system maximum capacity is considered.

The three operation strategies analyzed are implemented in a home-made
numerical code, written in Matlab environment, and the heuristic algorithm
patternsearch is used to perform the economic optimization of the systems.

Lastly, being the market price of a CHP system strongly dependent on the prime
mover technology and size, and lacking in Italy, at the moment, a well-established
market for residential CHP systems, an economic analysis is carried out to evaluate,
for each analyzed case, the feasible investment cost for the purchase and the
maintenance of the CHP system. The economic analysis results, combined with the
environmental and the energetic ones, allow to assess which of the operation
strategies considered provides the best compromise in terms of higher economic
savings, reduced environmental impact, and reduced dimensions of the storage tank.

1.3. Organization of the thesis

After the present Introduction (Chapter 1) and before the Conclusions (Chapter
6), the thesis is articulated in the following chapters:

- In Chapter 2, a comprehensive review on performance improvement
and optimization of polygeneration systems is presented, focusing the
attention on the use of polygeneration systems in the residential sector.

- In Chapter 3, a novel approach for improving the operation of
residential micro-CHP systems from the economical point of view is
proposed, and compared to a typical heat-driven full-load operation
strategy without heat dumping.
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In Chapter 4, the dynamic simulation of a residential micro-CHP system
operating according to the operation strategies presented in Chapter 3 is
performed to demonstrate the effectiveness of the heat dumping.

In Chapter 5, the novel operation strategy with heat dumping is
compared to a typical heat-driven operation strategy allowing load
partialization, with the aim to generalize the effectiveness of the novel
operation strategy for heat-driven residential natural gas-fired CHP
systems.
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Review on performance improvement and optimization of polygeneration systems

“Energy efficiency is the only energy resource possessed by all countries ”

Chapter 2.  Review on performance improvement
and optimization of polygeneration systems

2.1. Introduction

Traditional power plants convert about 30% of the fuel’s available energy into
electric power [1]. The majority of the fuel energy content is lost at the generation
facility through waste heat. Further energy losses occur in the transmission and
distribution of electric power to individual users. Inefficiencies and environmental
issue associated with conventional power plants provide the thrust for developments
in “on-site” and “near-site” power generation. Polygeneration systems have the
potential to increase resource energy efficiency, to reduce air pollutant emissions
dramatically, and to reduce energy cost to consumers by the simultaneous
generation of different energy products, at or close to the point of use [2-7].
Polygeneration can be seen as a generalization of Combined Heat and Power (CHP)
generation, in which in addition to the simultaneous generation of electricity and
useful heat, a few or more processes, such as generation of domestic hot water,
cooling, etc, are carried out in a single plant [8-9].

Polygeneration systems usually involve a prime mover, such as Sterling engine,
reciprocating engine, steam engine, gas turbine and micro-gas turbine, and organic
Rankine cycle, and an energy conversion device. Moreover, renewable energy
systems, such biomass, solar, wind and fuel cells can also be incorporated. A
polygeneration system may not only consist of generation facilities, but also non-
generation components. Generation facilities include polygeneration plants and
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plants for separate provision of different energy products, such as traditional
condensing power plants, heat plants (boilers), and cooling plants (chillers),
whereas non-generation components include various bilateral contracts and demand
side management components for different energy products, used in order to shift
demands from peak hours to off-peak hours.

According to the EPA’s Catalog of CHP technologies [1], and the IEA’s
information paper on Combined heat & power and emissions trading [10], CHP
systems produce both electric and usable thermal energy on-site or near-site,
converting 75-85% of the fuel source into useful energy. If more useful energy
products can be derived from the excess heat (e.g., cooling energy), the overall
energy efficiency of polygeneration can be improved further [11-12]. Figure 2.1
shows the efficiency advantage of CHP compared with conventional central station
power generation and onsite boilers. When considering both thermal and electrical
processes together, CHP typically requires only ¥ the primary energy separate heat
and power systems require [1].

Conventional Combined Heat and Power
Generation 5 MW Natural Gas
Combustion Turbine

Power Station Fuel and Heat Recovery Boiler

(U.S. Fossil Mix)
91 Units Fuel

30
Units =
Electricity | Electricity

EFFICIENCY:
33% i
A Combined 100 Units Fuel
Heat
& Power

EFFICIENCY:
80% (CHP)

Power Plant Electricity

56 Units Fuel

Boiler Fuel

A 45
Boiler Heat Units Heat

Steam

51% ...OVERALL EFFICIENCY... 75%

Figure 2.1. CHP versus conventional generation [1].
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The application of polygeneration systems has also a great potential to reduce
CO, emissions. IEA [13] estimates that in Europe, CHP system have been
responsible for 15% of greenhouse gas emission reduction (57 Mt) between 1990
and 2005, and that by 2030, CHP systems have the potential to reduce CO,
emissions arising from new generation to more than 10% (950 Mt/year). However,
there are many barriers to the spread of these systems. One of which is the lack of a
plan and evaluation method for the final decision-making about system selection,
taking into account the optimal design and operation planning. Earlier on, building
energy supply systems have been selected mainly on the cost-benefit analysis.

The economic benefit is an important factor to consider when deciding whether
to install a polygeneration system or determining the system capacity and
operational strategy. The factors that affect the economic benefits are various, e.g.
equipment cost and efficiency, electricity and fuel cost, building electric and
thermal loads, etc, and since these factors vary widely case by case, it is not
straightforward to estimate economic savings for the system implementation.
Additionally, the metric used to assess economic performance is different according
to the different energy policy in different regions. The building thermal loads are
significantly affected by local climate conditions, therefore, for the same system,
the economic benefits could vary widely depending on the location where the
system is installed [14-24]. The payback period of polygeneration systems can be
evaluated in order to demonstrate the economic feasibility of such systems [22,25-
28]. However, a simple payback period assessment, which includes operating costs
and capital costs, may result in a longer payback period than a more conventional
reference system, without taking into account the potential environmental and
performance benefits of the system. In such context, it is clear that, in order to
address sustainability issues properly, it is important to conduct comprehensive
analyses, and that optimal design and operation of polygeneration systems are
becoming important issues.

This chapter provides a comprehensive review on performance improvement
and optimization of polygeneration systems. The performance improvement and
performance evaluation of polygeneration systems are discussed in Section 2.2,
whereas the optimization in such systems design and operation is presented in
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Section 2.3. A literature review on the main current research on the polygeneration
systems used in the residential sector is presented in Section 2.4. Lastly, the actual
global status and the prospects of the spread of polygeneration systems are
discussed in Section 2.5.

2.2. Performance improvement and performance evaluation of
polygeneration systems

The energetic and exergetic performances of polygeneration systems are of
interests of many researchers, for both theoretical and existing systems, as their
evaluation allows for comparison with other methods for energy generation.
Polygeneration systems performance evaluation is a necessary process to attain
economically and environmentally feasible solutions in such systems design and
operation. Without proper performance evaluations, in fact, improvement in the
system design and operation cannot be quantified. Popular approaches for
comprehensive analysis include combination of energy savings and/or energy
efficiency, economic, emissions, and exergetic analyses [29-44].

Both first- and second-law thermodynamic analyses are fundamental tools to
evaluate energy systems performance, so that several polygeneration system
performance evaluations using the first and second law of thermodynamics have
been presented in the literature.

Energy analysis is the most common method for evaluating the performance of
polygeneration systems, either for primary energy usage, or energy efficiency, and
can be used to compare different types of polygeneration systems, different
operation strategies, or a polygeneration system against a reference system or other
alternative energy system. Many authors have conducted studies on energy
efficiency, stating that often energy efficiency benefits tend to translate to economic
benefits, stressing the importance of the user demand on the system performances,
and analyzing different configurations of the systems [45-48]. Others have
conducted studies focused on energy savings by evaluating the potential of different
technologies in terms of both energy performance and emissions reduction [49-61].

To provide a measure of not only the energy used by a polygeneration system,
but also of the quality of energy provided and consumed, and of the amount of
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availability destroyed within the system, exergy analysis can be conducted. Khalig
et al. [62] assert that exergy analysis is beneficial over energy analysis, allowing to
determine the true magnitudes of losses and their causes and locations, and to
improve the overall system and component performances. Many authors have
calculate the exergy efficiency of a given or proposed system, also comparing it
with energy efficiency and exergy efficiency of another polygeration system or an
alternative system [54,62-64]. Others have found the relative contribution of
individual components or subsystems to the overall exergy destruction [54,65,66].

Several case studies based on field tests have been conducted to evaluate
polygeneration systems performance [67-69]. However, even if the systems
performance can be accurately evaluated using actual measurements, on field tests
have several limitations: costly data acquisition system need to be installed; year-
round field measurements cannot be easily obtained; and each study is limited to a
specific system. On the other hand, computer-based simulations can be used to
predict system performance.

Many studies have been focused on polygeneration system performance
evaluation using transient simulation models and different dynamic simulation tools
[70-72], demonstrating that a validated transient simulation of polygeneration
systems can provide accurate performance evaluation with relatively simple
implementation, time-efficient yearly-simulation using statistical yearly weather
data, and straightforward modifications for different sizes and type of
polygeneration system components in different climate conditions.

2.3. Optimization of polygeneration systems

A polygeneration system is more complicated than a power-only system due to
interdependence between different energy products, and because production
scheduling need to be done in coordination through different production, storage
and auxiliary facilities in the system. Moreover, there are different technical, legal
(such as the capacity, efficiency and self-consumption percentage of polygeneration
installations), and social considerations that need to be respected in practice. To
promote polygeneration technology for building applications, the eligibility criteria
for introducing technology needs to be modified or carefully designed because it is
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not easy for a micro- and small-scale polygeneration plant to operate as efficiently
as a large-scale plant. Furthermore, the system operates in a dynamic environment
full of uncertainty.

For these reasons, optimization in polygeneration systems design and
operational strategy is one of the key element to improve energy efficiency and to
reduce overall cost and greenhouse gas emissions [73].

2.3.1. Optimization in polygeneration design

Design of polygeneration systems involves a selection process of the system
components type and size, which have to take into consideration the efficiency of
individual components, the system operating strategy, and the building energy
demand, so that the system can balance cost savings, real energy savings based on
primary consumption, and net emission of pollutants [14].

The prime movers or power generation units are the main components of
polygeneration systems, therefore they have to be carefully selected to guarantee
the desired performance of the system. Among them, reciprocating internal
combustion engines, steam turbines and combustion turbines, micro-turbines, fuel
cells, and Stirling engine, whose advantages and drawbacks related to the
polygeneration systems designing are often discussed in literature [74-76].

Wu and Wang [74] state that the prime mover characteristics, such as its
efficiency, capacity range, and power-to-heat ratio, are important factor to
determine the optimal size and type of the prime mover for different applications.
Once the type of a prime mover is selected, it is important to determine a rational
capacity to maximize availability of the prime mover. For the purpose, it is
necessary to take into account the systems’ annual operation strategies, defined by
considering the variation of electric and thermal energy demands, and the
deviations of electricity and fuel price throughout the year [73]. This problem can
be dealt by using an optimization programming technique.

Many authors have demonstrated that sizes of prime movers can be effectively
determined using mixed-integer linear programming (MILP), such as [77], others
have developed optimal sizing methods using mixed-integer non linear
programming (MINLP) [78,79].
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2.3.2. Optimal operating strategy of polygeneration systems

Polygeneration systems can be controlled by several possible operation
strategies. The most common presented in literature are:

- electricity-driven (ED);
- heat-driven (HD);
- base load operation.

When a system operates under the ED strategy, the power generation units
generate all the electricity following the electric demand, and the waste heat is used
to satisfy the building’s thermal load. If the recovered heat is not sufficient to
satisfy the thermal load, auxiliary boilers can be used to integrate the system heat
generation. When the recovered heat is higher than the building’s heat demand, the
excess can be stored or discarded.

When a system operates under the HD strategy, the system follows the
building’s thermal load, while the electricity generated by the power generation
units is used to satisfy part or all the building’s electric demand. In this case, if the
electricity generation is lower than the electric requirements, additional electricity
has to be purchase from the external grid. On the other hand, if the electricity
produced is more than the amount needed by the building, the excess electricity can
be stored or sold back to the grid, if it is possible.

When the system follows the base load operation, it covers only a constant
amount of the electrical load: it is possible that part of the electricity has to be
imported by the external grid to complete satisfy the electric demand, and auxiliary
boilers are used if the recovered heat form the power generation units is not
sufficient to satisfy the heat demand.

Many authors have evaluated the effect of the above operation strategies, by
comparing them to each other [14,30,44,49,80-84], and to new operation strategies
[57,80,81,85-87].

Although these mentioned operation strategies are the most used in
polygeneration systems, they may not guarantee the best performance of the
systems, being the system operation subjected not only to the variation of load
demands, but also to the fuel prices [77]. For this reason, an optimal operation of a
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polygeneration system can be effectively determined using mathematical
optimization techniques, such as genetic algorithms, linear programming and
stochastic optimization, with the objective of minimizing the operational cost,
primary energy consumption and/or greenhouse gas emissions.

An optimization problem can be formulated as shown in equation (2.1) to
minimize the total operational cost of a polygeneration system while satisfying the
total energy demand.

M inimizez {Cel (t) Eel Jtaken (t) + Cf PM (t) I:PM (t) + Cf ,AB (t) I:AB (t) - gel,sent(t) Eel,sent(t)} (2-1)

where variables Eg taken(t), Fpm(t) and Fag(t) represent the electric energy taken from
the electrical grid, the fuel energy for the prime movers, and the fuel energy to
operate the auxiliary boilers in time period t. ce(t) represents the cost of the
purchasing electricity, c;pm(t) represents the cost of the fuel used to feed the prime
movers, and C¢ag(t) represents the cost of the fuel used in the auxiliary boilers.
Eeisent(t) represents the electricity sold back to the grid in the period t, and gej sent(t)
the selling price of electricity. Along with the objective function, presented in
equation (2.1), a set of constraints are formulated to specify conditions for the
decision variables that require to be satisfied. The constraints are determined based
on the equipment characteristics, energy flow relationship, and the operational
limitations [88].

The effectiveness of using mathematical optimization techniques to determine
optimized operations of polygeneration systems has been widely demonstrated in
literature. Many authors have conducted single objective analyses to optimize
separately economically or environmentally the system operation [51,77,89-96],
others have conducted multi-objective analyses to optimize the system in terms of
energy and environmental benefits simultaneously [97-104].

A key role for the optimal operation of polygeneration systems is played by
thermal energy storage (TES) systems. They are often used for managing the peak
energy demand for better performance and economy, and according to
Haeseldonckx et al. [105], their use prolongs the CHP unit operation and allows to
power generation units to operate more continuously, by reducing the CO,
emissions to about a third of the reference case without storage.
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Different studies tried to assess the benefits of using a TES system, some of
which focused on the operational role of TES that enables more steady and
extended operation of CHP units, others deal with the storage aimed at shifting
operation to the commercially most profitable hours [79,106,107].

2.4. Polygeneration systems in residential sector

According to the IEA [108], the residential sector has wide margins for
enhancing energy savings, and reducing the primary energy consumption.
Generally, in residential houses and apartments, energy demand for lighting, air
conditioning, home appliances, entertainment devices, and in some cases also space
heating and hot water, is covered by electricity taken from the electrical energy
network; in other cases, heat is provided to residential buildings by natural gas or
biomass or electric boilers for space heating and hot water supply. Hence, energy
consumption in residential buildings is significant, worldwide, and even though it
has achieved a reduction in the Italian residential sector, in 2014 it was still at
around 26 Mtep, as shown in the ENEA’s annual report on energy efficiency [109].

Residential electricity, heating and hot water demands continuously vary with
daily and seasonal cycles, therefore a heating system has to satisfy the maximum
required demand of a house, but has also to be flexible enough to operate on low
demand. Moreover, the energy demand of a house or residential building is a
function of the building type, size, materials used for construction, occupancy, and
location [110,111]. Therefore, energy savings in the residential buildings can be
achieved by incorporating energy performance measures, and/or by improving of
energy efficiency in new buildings, by introducing proper insulation materials and
energy efficient technologies for heating cooling and lighting in the new buildings
[111].

Installing some types of polygeneration systems has been identified as one of the
efficient methods to meet these objectives.

2.4.1. Small and micro CHP and CCHP for residential buildings

Small and micro cogenerative and trigenerative systems are, certainly, the most
popular polygeneration systems in the residential sector. They offer potential
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benefits to humanity and environment by reducing green house gas emissions,
improving energy security, reducing and, in some cases, avoiding energy losses
from electricity transmission and distribution networks, and potentially reducing
energy cost to end users [7]. For these reasons, small and micro units represent an
important topic of interest today, and during the last three decades they have been
focused on by many researchers [112-114].

The micro units used in residential buildings are usually based on internal
combustion engines (ICE), micro-gas turbines (MGT), micro Rankine cycle (MRC)
and Stirling engine (SE), with a capacity ranging between 5 to 100 kW, [115-119],
and, especially in new buildings, they can also be based on renewable energy
sources such as solar, wind and biomass [110]. Figure 2.2. a) and Figure 2.2. b)
show the electric and thermal efficiency respectively, as a function of the electric
power for various prime mover used for CHP systems. Figure 2.3 illustrates the
possible routes of using different energy sources and devices for a micro-CHP
system in residential building.
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Figure 2.2. a) Electric and b) thermal efficiency for various prime mover technologies [116].
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Figure 2.3. Possible options for micro-CHP from various sources in a residential building [110].

2.4.2. Literature review on polygeneration systems used in the residential sector

A huge number of recent works have addressed the effectiveness of multi-
generation system applications in the residential sector, focusing on calculating
characteristics, such as rated capacity, control methods, and others, and
implementing simulation and optimization models. Various studies have been
reported on the modeling and optimization of micro-CHP and micro-CCHP systems
focusing on different designs, scenarios and operational modes [120-126], aimed at
the estimation and maximization of the environmental benefits in terms of CO,
emission reduction and primary energy savings [127], or reduction and
minimization of the operating costs [6,128].

Barbieri et al. [129,130] minimized the costs of heat-driven micro-CHP systems
for a single-family house in Italy considering different sizes of the heat storage
system by means of a genetic optimization algorithm. Rosato et al. [131] analyzed
the feasibility of a micro-CHP system for an Italian residential application by
dynamic simulations. Kopanos et al. [132] developed a mixed integer linear
programming framework for the economic optimization of the energy production
plan of a micro-CHP based residential microgrid in the UK considering power and
heat interchange. Shaneb et al. [133] developed a generic optimal online linear
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programming model with the objective of minimizing the daily operation costs of a
micro-CHP system in the UK, considering three different simulation scenarios.
Hawkes and Leach [7] evaluated the economic effectiveness of three micro-
combined heat and power technologies by implementing different operating
strategies, in the UK residential sector.

Fubara et al. [134] minimized separately the costs and the primary energy
consumptions of a distributed energy supply system by means of the GAMS solver,
both at the building level and the overall energy supply network level, considering
different micro-CHP systems fed by natural gas applied to a case study in the UK
residential sector. Wakui and Yokoyama [135] performed the energy-saving
optimization of the size of a residential cogeneration system in Japan with power
interchange operation by means of a mixed integer linear programming model.

Ren et al. [79] developed a mixed integer nonlinear programming model in
order to evaluated the optimal size of a micro-CHP system for a residential
customer in Japan from the economic point of view.

Hong et al. [136] analyzed both the electricity-driven operation mode and the
heat-driven one in order to find out the optimal implementation strategy of a fuel-
cell based cogeneration system in terms of primary energy savings, costs and CO,
emissions for a case study in South Korea. Arsalis et al. [137] formulated and
applied an improved operational strategy different from the electricity-driven and
the heat-driven ones to a fuel-cell-based micro-CHP system for single-family
households in Denmark. Angrisani et al. [138] performed dynamic simulations to
optimize the operation of a micro-CHP system providing thermal and electrical
energy to two end users connected between them through a district heating micro-
grid in a load sharing approach, considering two different geographical locations in
Italy. In another work, Angrisani et al. [139] evaluated and compared pollutants
emissions of a residential micro-CHP system with those of a conventional system,
in Italy, considering different climatic conditions and control modes.

Other studies have analyzed the advantages related to the use of thermal energy
storage systems in CHP and CCHP plants for residential building applications
[72,140-149]. Lozano et al. [150] developed an optimization model, using mixed
integer linear programming, to determine the design of CHCP systems with thermal
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storage. The optimization model was applied to design a system providing energy
services for a set of building consisting of 5000 apartments, in Spain. Streckiene et
al. [151] evaluated the optimal size of a CHP plant with thermal storage under
German spot market conditions by means of a commercial software. They based the
economic feasibility analysis of the CHP-plant on the net present value (NPV) and
the payback period. Haeseldonckx et al. [105] studied the impact of thermal storage
on the operational behavior of residential CHP facilities. They point out that using a
thermal storage device prolongs the yearly operation time of the CHP plant, allows
a continuous operation and causes a reduction in CO, emissions. Ferreira et al.
[152] performed the economic optimization of a micro-CHP system driven by the
heat demand of a residential building located in Portugal by using the Box’s method
as optimization algorithm. They also analyzed the optimal size of the heat storage
tank connected to the system. Katulic et al. [153] proposed an innovative method
for the optimization from the economic viewpoint of the heat storage tank capacity
of a cogeneration system in Croatia, considering different heat-driven operational
modes. Bianchi et al. [116] analyzed the energy benefits and profitability of micro-
CHP systems with thermal energy storage system in meeting energy demands in
domestic dwellings. Their analysis revealed that a micro-CHP unit with an
appropriate sized thermal storage system can cover the overall thermal energy
demand for a building while saving 15-45% of primary energy, depending on the
technology considered. A proper system sizing of the prime mover and thermal
storage, and consumption of electrical energy play important roles in the economic
viability of the systems. In such condition, single family houses can allow micro-
CHP systems up to 5 kWel, with a marginal cost that will range between 2000 and
3500 €/kWy.

2.5. Global status and prospects of the spread of polygeneration
systems

As discussed in Section 2.1, the polygeneration systems are a reliable and cost-
effective technology that can offer a great contribution for meeting the global heat
and electricity demand, contributing to reduce the greenhouse gas emissions and
encouraging the use of renewable energy sources.

43



44

Review on performance improvement and optimization of polygeneration systems

IEA [1] reported in 2007 that CHP systems produce approximately 9% of global
power generation, with a global capacity of about 330 GW,, and that although the
benefits of using this technology are well known, and despite some countries have
been able to promote their dissemination through targeted energy policies, many
countries have been much less successful. Figure 2.4 shows the share of CHP
systems in different nations. From this figure, it is clear that only few countries
have successfully expanded the use of CHP to between 30-50% of total power
generation, meaning that CHP plays only a marginal part in the electricity and heat
generation of the countries presented in Figure 2.4 [3].

According to the IEA [1], the G8+5 countries, consisting of G8 (group of eight)
nations including Canada, France, Germany, lItaly, Japan, Russia, the United
Kingdom and the United States, and 5 nations of the leading emerging economy
including Brazil, China, India, Mexico and South Africa, have the potential to raise
their CHP systems capacity over 820 GWg, in 2030. The IEA’s scenario states that,
if suitable policy regimes are introduced based on best-practice CHP policies, by
2030, the CHP share of G8+5 countries electricity generation could rise from 9-
10% to 24%.

60%

Figure 2.4. CHP share of national power production [12].
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A new operation strategy for residential CHP systems

“Without a good strategy, it is easy to fall into the common trap of having people busy with all
kinds of activities, but achieving few measurable results ”

Chapter 3. A new operation strategy for
residential CHP systems

3.1. Introduction

In this chapter, a novel approach for improving the operation of residential
micro-CHP systems from the economical point of view is proposed. Such approach
relies with the possibility to dump part of the heat generated by cogenerators
operating with a heat-driven operation strategy.

The effects of the heat dumping are shown on the operation of four residential
micro-CHP systems, each composed of a prime mover (PM), generating electricity
and heat, a thermal energy storage system (TES) and an auxiliary boiler (AB). The
micro-CHP systems differ from one another on the prime mover technology, while
the same user is considered, or rather a multi-apartment housing situated in Italy. As
concerns the prime movers, four natural gas fuelled commercial prime movers are
considered, two internal combustion engine (ICE1 and ICE2) and two microurbines
(MT1 and MT2), characterized by different electric and thermal powers. For each
micro-CHP system, two different heat-driven operation strategies, one with heat
dumping and one without, are implemented by means of an home-made numerical
code developed in Matlab environment, and in both cases, the economic
optimization of the operation is performed by using the patternsearch algorithm.

An economic analysis is also performed to evaluate, for each considered case,
the feasible investment cost for the purchase and the maintenance of the micro-CHP
systems, by fixing two values of the payback period. Moreover, the effects of the
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variation of the thermal energy storage system maximum capacity, and of the
auxiliary boiler efficiency on the optimized results are analyzed.

The major results of the analysis presented in the following, show that, for all
the analyzed micro-CHP systems, an optimized application of heat dumping in the
system operation allows to considerably reduce the size of the thermal energy
storage system with respect to the heat-driven operation strategy without heat
dumping.

In the following, the analyzed cases, in terms of energetic system and user, are
presented in Section 3.2. The operation strategies are presented in Section 3.3,
whereas the methodologies used for the optimization, and the evaluation of local
and global pollutants emission are presented in Section 3.4. Results of the
optimization process obtained considering conventional and high efficiency
auxiliary boilers, the economic analysis, and the pollutants emission obtained for
each case, are presented and discussed in Section 3.5.

3.2. Analyzed cases

In the following, the details of the energetic system and of the user are presented
in Sections 3.2.1 and 3.2.2, respectively.

3.2.1. Energetic system

Figure 3.1 shows a simplified layout of the micro-CHP plants. In each analyzed
case, the prime mover is considered interconnected to the external electrical grid, to
the internal electric network relative to the user, and to a thermal energy storage
system consisting in an insulated tank for Domestic Hot Water (DHW) storage. In
turn, the TES system is connected to the heat distribution network of the user, and
to a natural gas fuelled auxiliary boiler. The electrical energy generated by the
prime mover is sent either to the user, or, in case of zero electric energy
consumption, to the external grid, or to both of them in case of a surplus of
generation with respect to the electricity demand. Otherwise, if the electricity
demand is higher than the electric power provided by the prime mover, electricity is
taken from the external grid.
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The TES system allows to accumulate thermal energy for a later use when the
thermal demand is lower than the prime mover heat generation, while the auxiliary
boiler is included in order to fulfill thermal energy demands higher than the sum of
the prime mover heat generation and the heat accumulated in the storage system.

As concerns the prime movers, they are natural gas fuelled commercial prime
movers, whose main characteristics are shown in Table 3.1. It is assumed that they
follow a heat-driven control logic, and that operate in ON/OFF mode, recognized to
be a very effective mode for micro-CHP systems applications like the present one
[1-3], for avoiding the decrease of the electrical efficiency at partial load operation,
and the large augmentation of hazardous emissions at district level that may occur
with load modulation [4,5]. The four prime movers are analyzed separately, and for
each of them, different values of the TES maximum capacity is considered.
Defining the maximum TES equivalent hours as the ratio between the TES
maximum capacity and the prime mover thermal power, six values of the TES
equivalent hours are analyzed, ranging from zero, representing the limit case
without storage, to four. Moreover, two values for the auxiliary boiler efficiency are
considered, namely 0.8 and 0.95, representing the efficiency of the average
available technologies and the one relative to the best available technologies
(BATS), respectively.

AUXILIARY
BOILER

THERMAL THERMAL LOADS:
PRIME ENERGY v _ | AMBIENT HEATING:;
MOVER STORAGE = HOT WATER
SYSTEM UTILITIES
—
1 — N
A
ELECTRIC
LOADS
v Sk

EXTERNAL
ELECTRICAL GRID

Figure 3.1. Layout of the micro-CHP plants.
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Table 3.1. Prime movers characteristics.

Prime mover Per (kW) Pt (KW) ne (%) R (%)
MT1 15 37.0 22.7 56.0
ICE1 20 475 28.6 67.9
MT2 30 60.0 26.0 52.0
ICE2 50 100.0 30.0 60.0
3.2.2. User

The user is represented by a residential building with 50 apartments located in
the Italian climatic zone E, characterized by a total surface area of 5000 m? and a
shape factor S/V of 0.5 m™.

The yearly thermal energy demand relative to the ambient heating is evaluated
with reference to the Italian limits for the energy performance of buildings [6], and
it is equal to 68 kWh/m?/yr, while the yearly thermal demand for the hot water
utilities is evaluated with reference to [7], and it is equal to 15 kWh/m*yr. The
yearly electric energy demand relative to the electric appliances is 18 kWh/m?/yr,
while the electricity demand for the air conditioning in the warm season is
considered equal to 7 KWh/m?/yr [1].

The total yearly thermal energy demand for DHW is equally distributed among
all days of the year, and the daily demand for DHW is distributed among the day
hours by means of the hourly profile of Figure 3.2. The yearly thermal energy
demand relative to the ambient heating is distributed among the months, the days
and the hours of the cold season by means of the profiles reported in Figures 3.3
and 3.4, showing the hourly thermal demand profile relative to the ambient heating,
and the total thermal demand for each month of the cold season, this last including
both the ambient heating demand and the DHW one, respectively. For each month,
the total demand relative to ambient heating is considered uniformly distributed
among its days.

The electric loads are evaluated using a similar procedure. Figure 3.5 shows the
non-dimensional hourly demand profile relative to the electric equipment not
including the devices for the air conditioning in the warm season, whereas Figure
3.6 shows the one relative to the air conditioning in the warm season.
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Figure 3.2. Non-dimensional hourly thermal demand profile relative to DHW.
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Figure 3.3. Non-dimensional hourly thermal demand profile relative to ambient heating in the
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Figure 3.4. Non-dimensional monthly total thermal demand profile in the cold season.
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Figure 3.5. Non-dimensional hourly electric demand profile relative to the equipment.

The load profile relative to the equipment is supposed to be the same for each
day of the year, whereas the electric loads relative to the air conditioning are
considered only during the summer months of June, July and August. As for the
electric load profiles, once the yearly electricity demand is know, the non-
dimensional load profiles permit to calculate the hourly demand of electricity for
each day of the year.
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Figure 3.6. Non-dimensional hourly electric demand profile relative to air conditioning.
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3.3. Operation strategies

The prime movers operation is considered limited to the cold season from
October 15" to April 15", whereas the thermal and the electrical demands relative
to the remaining part of the year is covered by the separate generation.

For each analyzed configuration of the micro-CHP system, two different
operation strategies are implemented. For a given time step, in one case the prime
mover operates only if its thermal energy generation in an hour, at full load, (Eq pv)
is lower than or equal to the sum of the user thermal demand (Ei yser) in the same
hour and the energy required to fill the TES, this last evaluated as the difference of
the TES maximum capacity (Cresmax) @and the current one (Crgs), otherwise the
prime mover is switched off. In the second case, the prime mover can operate also
when its thermal generation is higher than the sum of the user demand and the
energy required to fill the TES. In other words, with the first operation strategy, to
which we will refer in the following as operation 1, the prime mover operates only
if there is not heat surplus; whereas with the second one, to which we will refer in
the following as operation 2, there is the possibility to dump part of the heat surplus
generated by the prime mover.

Figure 3.7 shows the block diagrams relative to the two heat-driven operation
strategies of the prime mover. In detail, the block diagram relative to the case with
heat dumping (operation 2) is obtained by including the blocks in the dashed
rectangle, whereas the one relative to the case without heat dumping (operation 1)
is obtained by excluding the blocks in the dashed rectangle. So that, in the latter
case, the prime mover is switched on only if the following relation holds:

Eth,PM < Eth,user + (CTES,rm\x - CTES) (3'1)

Finally, in all analyzed cases it is assumed that the prime mover can be switched
on at most two times a day, in order to limit the number of the prime movers warm-
up period, which limit their efficiency.
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Figure 3.7. block diagram relative to the prime mover operation strategy with (and without) heat
dumping.

3.4. Methodologies

The formulation of the optimization problem, and the model used for evaluating
the local and global pollutants emission of the micro-CHP systems and of the
separate generation are presented in Sections 3.4.1 and 3.4.2, respectively.

3.4.1. Optimization

The operation strategies are implemented by means of a home-made numerical
code written in Matlab, realized in order to establish, for each micro-CHP system
configuration, the optimal operation schedule of the prime mover that maximizes
the revenues for the energy cogeneration with respect to the Separate Generation
(SG). To this purpose, the code takes into account the natural gas and electricity
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costs evaluated according to [8] as a function of the climatic zone, the consumption
ranges and, as regards the electricity cost, also as a function of the installed
electrical power, and the Italian incentives for high efficiency cogeneration. For the
analyzed cases, the Italian incentives consist in a reduction of the excise duty on the
fraction of the natural gas used for the electricity generation by means of CHP
systems, advantages related to the possibility of releasing the electricity generated
by the CHP system but not immediately consumed in the external grid for a later
use on a yearly basis, and the possibility to obtain tradable white certificates, whose
quantity depends on the TOE (tons of oil equivalent) saved through plant operation
[9-14].

The schedule optimization is performed by means of the Matlab patternsearch
optimization algorithm, and the variable of the optimization process are represented
by the prime mover ON/OFF periods. In detail, considering the assumption that the
prime mover can be switched on at most two times a day, each day is considered
divided into 5 periods consisting in a certain number of hours, corresponding to the
sequence OFF-ON-OFF-ON-OFF. Thus, for each day of operation, the optimization
variables are represented by the first four periods relative to the above sequence,
since the last one is dependent on the first four, and it can be derived as their
complement to 24.

The objective function that is minimized in the optimization problem resolution
is given by:

FF = ACF = _( A'A\C:NG + AAC:eIectriciy )_ R\NC (32)

where ACF represents the difference between the annual cash flow relative to
separate generation and the one relative to combined generation, 44Cy is the
difference between the annual cost of the natural gas consumed in separate
generation and the one relative to combined generation that includes the gas
consumed by the auxiliary boiler not covered by the reduction of the excise duty,
AACelecrricity 1S the difference between the annual cost of electricity in separate
generation and the one relative to combined generation, and Ry are the revenues
relative to the white certificates. The parameters presented in equation (3.2) are
evaluated over an entire year, and the Italian incentives for high efficiency
cogeneration are accounted for in the evaluation of 44Cyg and 44 Ceiecrricity-
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An iterative procedure, in which each months is optimized separately, is adopted
to limit the number of parameters to be optimized simultaneously. In detail, once
fixed an initial condition, i.e. an initial operation schedule for the entire operation
period of the prime mover, the operation periods relative to October are optimized
considering the operation periods relative to the other months fixed and equal to the
initial ones. Then, November is optimized by using the optimized operation periods
relative to October, and the initial operation periods for the remaining months, and
so on. After that the operation periods of April are optimized, the optimization
process restarts from October and the updated operation schedule is used. The
iterative procedure stops after the optimization of the operation periods of April if
convergence of results is reached.

Several initial conditions are tested aimed at minimizing the simulations
duration. Finally, the initial condition adopted for the prime movers with lower
power (MT1 and ICE1) prescribes in all simulations that the first four periods of all
days of the colder months, namely December, January and February consist of two
OFF periods of 3 hours and two ON periods of 9 hours, while in the other months
the initial condition prescribes that the first four periods of all days consists of the
same number of hours fixed to 6. Relatively to the prime movers with higher power
(MT2 and ICE2), a similar approach is adopted, with the difference that the ON
periods consist of 6 hours and 3 hours in the colder months and in the other ones,
respectively.

The maximum number of iterations relative to the patternsearch algorithm is
found out by means of a sensitivity analysis, and it is fixed to 1000 in all
simulations, and the runs are performed on a computer workstation having an eight
cores processor with a clock frequency ranging from 3.1 GHz to 3.8 GHz, and a
random access memory (RAM) of 64 GB. Each run takes about 48 hours to finish.

The main inputs of the optimization code are the characteristics of prime mover
and auxiliary boiler, the maximum capacity of the heat storage system, the user
thermal and electrical hourly demands, the tariffs of electricity and natural gas, the
incentives for cogeneration, and the initial operation schedule.

The main outputs are represented by the optimized ON/OFF sequence relative to
each simulated day, the dumped thermal energy relative to each simulated hour, the
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hourly consumption and the cost of electricity taken from the grid and of natural gas
both for cogeneration and separate generation, the amount of incentives relative to
cogeneration, and the pollutants emission on local and global scale.

3.4.2. Evaluation of local and global pollutants emission

Being all the prime movers considered in this study fed by natural gas, only
CO,, CO, and NOyx emissions are estimated, and the comparison between the
pollutants emission of the analyzed micro-CHP systems, and the ones relative to the
separate generation of heat and electricity, both on local and global scale, is
accomplished by means of the emission factors [4,5]. In the following, the details of
the model are presented.

For an energy generator based on the combustion of a certain fuel, the mass of
the generic pollutant p, emitted for the generation of a generic energy vector X, is
calculated as follows:

my =u, - X (3.3)

where ypx is the emission factor, expressed in g/kWh, that depends on the

pollutant, the energy vector, and also on the generator equipment, operation and
maintenance state.

In each analyzed case, the total emission including the ones of the prime mover,
the auxiliary boiler, and of the centralized power plant generating the fraction of the
user electricity demand not covered by the prime mover, and for that taken from the
grid, are compared to the ones relative to the separate generation of the same
amounts of heat and electricity generated by the auxiliary boiler and the centralized
power plant, respectively.

As concerns the separate generation system, two scenarios are considered: the
first, in which the separate generation of heat and electricity is made by means of a
conventional natural gas boiler, and a mix of conventional technologies for the
power generation in Italy, respectively; the second, in which the separate generation
system consists in the best available technologies, namely a high efficiency boiler
for heat generation, and a natural gas fuelled combined cycle power plant for the
electricity one. Table 3.2 presents the emission factors and the efficiencies of the

73



74

A new operation strategy for residential CHP systems

separate generation of heat, whereas Table 3.3 the emission factors and the
efficiencies of the separate generation of electricity.

Table 3.4. shows the emission factors of the considered prime movers at full
load operation. By assuming the complete combustion of the fuel, the CO, emission
factor of the prime movers is evaluated as a function of the carbon content of
natural gas, its lower heating value, and prime mover efficiencies, while the
emission factors relative to CO and NOx are fixed by considering the ones reported
in the references [4,5,15]. For the internal combustion engines, it is assumed that
they are provided by a catalytic filter.

Table 3.2. Emission factors and efficiencies for separate generation of heat.

Reference technology Heat generation (g/kWhyy,)

,US'"ox ey ﬂg& 1t (%)
Conventional 0.19 0.03 253 80
BAT 0.05 0.02 210 95

Table 3.3. Emission factors and efficiencies for separate generation of electricity.

Reference technology  Electricity generation(g/kWhg))

Mo, u4S Moo, na (%)
Conventional 050 0.30 700 40
BAT 0.10 0.20 363 55

Table 3.4. Emission factors of the prime movers.

Prime mover iy, (9/KWhe) 45 (g/kWhe) 25, (9/KWhe)

MT1 0.1 0.550 890
ICE1 1.5 1 706
MT2 0.1 0.550 777
ICE2 1.5 1 673
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The global and local emissions are evaluated by using a hourly-based model. In
detail, in each analyzed case, the global emission of the micro-CHP system and the
ones of the two separate generation are evaluated as follows, respectively:

C E

HP N
= ﬂpe

,PM E,,,SG E, .SG
' el,PM + lu " Eth ,AB + lu " Eeltaken (34)

E, SG 7SG 7:SG E, .SG
:up Eel PM + ;up Eth PM + ;up Eth AB + ;up Eeltaken (3 5)

As to the local emissions, they do not include the emissions due to the electricity
generation by centralized power stations, because they are usually located far
enough from urban districts, for that reason they are evaluated as follows:

CHP Ey PM Ey.SG
My = p " By pm + 4,77 - By ag (3.6)

S 17oG E; .SG
- /“p Eth v T H " Eth AB (3.7)

3.5. Results

In this section, the results of the economic optimization of the several analyzed
cases are presented and discussed. The following data refer to the operation period
of the prime movers that goes from October 15™ 2013 to April 15™ 2014, and the
tariffs used to evaluate the annual cost of natural gas and electricity, and to estimate
the incentives for cogeneration are relative to the period that goes from September
1*' 2013 to August 31* 2014 [8].

In detail, the results relative to the cases with conventional auxiliary boilers are
presented in Section 3.5.1, whereas the results of the cases with high efficiency
auxiliary boilers are presented in Section 3.5.2. The economic analysis conducted in
order to evaluate, for each analyzed case, the feasible investment cost relative to the
purchase of the micro-CHP system, and its results are presented in Section 3.5.3.
Finally, the pollutants emission modelling results are shown in Section 3.5.4.

3.5.1. Conventional auxiliary boilers

Figure 3.8 shows for both operation strategies the total operation hours of the
prime movers as a function of the maximum TES equivalent hours (EHtesmax), in
the cases with conventional boilers (17,5=0.8).
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Figure 3.8. Total operation hours of the prime movers as a function of the maximum TES
equivalent hours for both the operation strategies with 7,5=0.8.

Being the user the same for all the analyzed micro-CHP systems, for each value
of the TES equivalent hours, the prime mover ICE2 presents the lowest working
hours as compared to the others prime movers, as it is characterized by the highest
power.

As concerns the operation without heat dumping (operation 1), for all prime
movers the operation hours increase with the increase in the maximum TES
equivalent hours, allowing the TES systems to store the exceeding heat generated
by the prime movers for a later use. Nevertheless, there is a very low variation of
prime movers operation hours for EHrgs max from 0 to 0.5, except for MT2 that, in
the above interval, presents a more noticeable increase in operation hours with the
increase in the maximum TES equivalent hours, while in general for EHrgs max from
0.5to 1, and from 1 to 2, there is a marked augmentation of operation hours. As it
was to be expected, the longest operation is obtained in all cases when EHrgs max is
equal to 4. However, the operation hours when EHqtesmax iS equal to 2 are nearly
equal to the ones at EHresmax €qual to 4, except for ICE2 that presents a more
marked difference between them.

Relatively to the operation with heat dumping (operation 2), at low EHrgs max,
for all prime movers the operation hours are much higher than in the corresponding
cases without heat dumping, especially for the prime movers with the lowest
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powers, namely MT1 and ICE1, that in some cases present operation hours higher
than double the corresponding ones relative to operation 1. This is essentially
because, at low EHesmax and without heat dumping, the constraint expressed by
equation (3.1) is very limiting. Moreover, at high values of EH+gs max, for all prime
movers the total operation hours approach the corresponding value relative to
operation 1. This is due to the fact that at high values of EHgsmax, i.€. at high
values of Cresmax, the right term in equation (3.1) is generally lower with respect to
the cases with smaller values of EHtesmax, thus minimizing heat dumping. In
practice, at high values of EHgs max, Namely with very large heat storage tanks, the
micro-CHP systems are enough flexible to maximize the prime movers operation
without heat dumping. Furthermore, in all cases the operation hours present an
asymptotic behavior at higher storage sizes, and the asymptotic values do not
correspond to the maximum prime movers capacities in terms of percentage of the
total heat demand covered. This is explained considering that in some hours it is
more convenient to generate heat by means of the auxiliary boiler and to purchase
electricity from the grid, because the economic value of the electricity generated by
the prime movers is too low. As a result of the heat dumping, low-power prime
movers MT1 and ICE1 present a low variation of the total operation hours at the
different values of EHres max, €Specially in the cases with EH1es max €qual to 1, 2 and
4, where the total operation hours assume practically the same value.

Figures 3.9 and 3.10 show for both operation strategies the percentage of the
annual electricity demand and of the annual total thermal demand including ambient
heating and DHW covered by the prime movers for each value of EHtesmax
respectively. It can be noticed that the trends in Figure 3.10 are slightly different
from those in Figure 3.8, as the dumped thermal energy is not included.

Figure 3.11 shows the total heat dumped from the micro-CHP systems,
represented by the prime movers, for each value of EHres max relative to operation 2.
For all systems, the dumped heat is higher at low EHgs max and approaches zero at
larger heat storage systems. However, even at low storage sizes, the values of the
dumped heat are all quite low as compared to the total prime mover thermal energy
generation.

77



78

A new operation strategy for residential CHP systems

Figure 3.12 shows for both operation strategies the natural gas annual
consumption of the micro-CHP systems for each value of EHrgsmax. In each case,
the value of the natural gas annual consumption are calculated as the sum of the
natural gas consumed by the prime mover and the natural gas consumed by the
auxiliary boiler, including the consumption in the six months in which the prime
mover is inactive.
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Figure 3.9. Electricity generated by the prime movers as a function of the maximum TES
equivalent hours for both the operation strategies with 7,5=0.8.
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Figure 3.12. Natural gas annual consumption with 7,5=0.8.

The natural gas annual consumptions relative to the prime mover and the
auxiliary boiler in the cases relative to operation 2 are depicted in Figure 3.13.
Besides the prime movers thermal powers and the thermal demand that is the same
in all analyzed cases, for each micro-CHP system and for each storage size the
natural gas total consumption depends on the prime mover total operation hours, on
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the prime mover thermal efficiency, and on the efficiency of the auxiliary boiler
that has to fulfill the fraction of the heat demand not covered by the prime mover.
For all micro-CHP systems, the natural gas consumptions relative to operation 2 at
low EHtesmax are higher than the corresponding ones resulting from operation 1,
and this is clearly due to the much higher prime movers operation hours. Moreover,
for both operation strategies and for each value of EH+gs max, the lowest natural gas
annual consumption is the one relative to the micro-CHP system with ICEL,
characterized by the highest thermal efficiency. It is followed by the micro-CHP
system with MT1 as prime mover. This can be explained considering that, even if
MT1 thermal efficiency is lower than the one of ICE2, its thermal generation is
much lower than the one of ICE2, and thus for the micro-CHP system with MT1
great part of the thermal demand is satisfied by the auxiliary boiler characterized by
a thermal efficiency of 0.8, that is much higher than the ones of the prime movers.
The highest consumption is obtained by the micro-CHP system with MT2, that is
the prime mover with the lowest thermal efficiency. These considerations are also
valid for the results relative to operation 2, because in the cases where the dumped
heat is not null, it yet represents a low fraction of the total thermal energy

o

generation.
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Figure 3.13. Natural gas annual consumptions of prime movers and auxiliary boilers relative to
operation 2 with 77,5=0.8.
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In each analyzed case, the primary energy saving (PES) expressed in equivalent
oil tons per year is calculated as follows:

EeI,PM n (Eth,PM - Eth,dumped)
nel,ref 77th,ref

PES = - E; (3.8)
where E¢ pm and Ey, py are the annual total electric and thermal energy generation of
the prime mover, respectively; Equmped IS the total thermal energy dumped; E; is the
energy relative to the total annual natural gas consumed by the prime mover,
evaluated by means of the natural gas lower heat value; and #e ref and 7 ref are the
reference efficiencies for the separate generation of electricity and heat in Italy
[13,14], respectively. The reference efficiency for the separate generation of
electricity is considered equal to the average efficiency relative to the electricity
generation in Italy, evaluated as 0.46*I, where | is a correction factor that depends
on the avoided losses and on the percentage of electricity self-consumed, while the
reference efficiency for the separate generation of heat is fixed to 0.90.

The primary energy savings relative to the micro-CHP systems for both
operation strategies and for all values of EHres max are reported in Figure 3.14. The
heat dumping in operation 2 permits to obtain higher primary energy savings than
those relative to operation 1, especially for the internal combustion engines that are
the prime movers with the highest thermal efficiencies.
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Figure 3.14. Primary energy savings relative to the micro-CHP systems with 5,3=0.8.
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The micro-CHP systems annual economic savings with respect to the separate
generation of electricity and heat are reported in Figure 3.15 for both operation
strategies and for all values of EHgs max. The micro-CHP systems that present the
highest economic savings are the ones relative to the internal combustion engines
ICE1 and ICE2, due essentially to the their higher efficiencies. For all systems, at
low EH+gs max the economic savings relative to operation 2 are much higher than the
ones relative to operation 1, due essentially to the much higher total operation hours
of prime movers that occur when the heat dumping is allowed. For all micro-CHP
systems, the maximum economic savings are obtained at the maximum value of
EHresmax- At this value, the two different operation strategies present about the
same economic savings, and this is because they have about the same operation
hours.

Considering the results relative to operation 1, for the micro-CHP systems with
ICE1, MT2 and ICEZ2, there is a sensible difference between the economic savings
at EHresmax €qual to 2 and those relative to smaller values of EHtgs max, While the
economic savings at EHresmax equal to 4 are slightly higher than the ones at
EHresmax equal to 2. Differently, for the micro-CHP system relative to MT1, the
economic savings relative to EHres max €qual to 1, 2 and 4 are very close to each

other.
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o
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Figure 3.15. Annual economic savings relative to the micro-CHP systems with 7,3=0.8.
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As to the results relative to operation 2, namely the operation strategy with heat
dumping, it can be observed that for the micro-CHP systems with ICE1, MT2 and
ICE2 about the same economic savings obtained in operation 1 at EHrgs max €qual to
2 are achieved at EH+gs max €qual to 1 with slightly lower primary energy savings, as
can be seen in Figure 3.14. Similar considerations can be made as regards the
micro-CHP system with MT1, that in operation 2 at EHrgs max €qual to 0.25 and 0.5
presents economic savings even higher than those relative to operation 1 at
EH+es max €qual to 1.

Figure 3.16 shows for all micro-CHP systems the difference between the natural
gas annual cost in separate generation and the one in combined generation (AACyg),
and the difference between the electricity annual cost in separate generation and the
one in combined generation (AACeiectricity) for each value of EHregmax, With and
without incentives, resulting from the implementation of operation 2.

In the majority of cases the value of AACyg is negative even with the tax
reduction, meaning that the cost of natural gas in combined generation is higher
than the one in separate generation. The only prime mover that presents for some
values of EHresmax @ lower cost than the one in separate generation is ICEL. This is
explained by considering that it is the prime mover with the highest thermal
efficiency, and that the cases that present a positive AACyg are the ones with the
highest prime mover operating hours and with the lowest dumped heat.
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Figure 3.16. Difference between the natural gas annual cost in separate generation and the one in
combined generation, and between the electricity annual cost in separate generation and the one in
combined generation, with and without incentives, relative to operation 2 with 77,3=0.8.
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As concerns the differences of the electricity total costs, the values without
incentives is evaluated considering only the electricity generated by the prime
movers and self-consumed, while the values with incentives take also account of the
value of the electricity released to the grid and not immediately consumed. It can be
noticed that the ratios between the costs difference relative to the self-consumed
electricity and the ones with incentives are higher for the prime movers with lower
power. This result, considering that the mean cost of the self-consumed electricity is
higher than the mean value of the generated electricity that is released to the grid,
implies that the prime movers with lower power permit a better exploitation of the
electricity generation, since they are less bounded by the constraints imposed by
operational strategy. Finally, by considering the differences of the electricity total
costs with incentives, it follows that the economic savings of micro-CHP systems
are due to the fact that, in addition to thermal energy, the prime movers also
generate electricity, that is fully recognized in the calculation of the incentives.

3.5.2. High efficiency auxiliary boilers

In the following, the results obtained considering the auxiliary boilers belonging
to the best available technologies, with efficiency equal to 0.95 are presented.

Figure 3.17 shows for both operation strategies the total operation hours of the
prime movers as a function of the maximum TES equivalent hours.
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Figure 3.17. Total operation hours of the prime movers as a function of the maximum TES
equivalent hours for both operation strategies with 5,=0.95.
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For both operation strategies, the prime movers with lower powers, MT1 and ICE1,
present about the same total operation hours as in the case with zag equal to 0.8,
while the operation hours of prime movers with higher powers, MT2 and ICE2, for
all values of EHtgsmax are in general lower than the corresponding ones relative to
nas equal to 0.8. This last finding indicates that, for both operation strategies
implemented on a hourly basis, the prime movers with higher powers are more
sensitive to the cost reduction of the heat generated by the auxiliary boilers.
Analogous considerations can be made for the dumped heat shown in Figure 3.18.

Figure 3.19 shows for each value of EHresmax the natural gas annual
consumptions of prime movers and auxiliary boilers with ;g equal to 0.95 relative
to operation 2. For all micro-CHP systems there is a general reduction of natural
gas consumptions as compared to the cases with 7sg equal to 0.8, that for the micro-
CHP systems with MT1 and ICEL is essentially due to the higher efficiency of
boilers, while for the ones with MT2 and ICE2 it is also due to the lower prime
movers total operating hours.

The annual economic savings obtained by the micro-CHP systems with respect
to the separate generation of electricity and heat relative to the cases with 745 equal
to 0.95 are reported in Figure 3.20 for both operation strategies and for all values of
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Figure 3.18. Dumped heat with 7,5=0.95.
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Figure 3.19. Natural gas annual consumptions of prime movers and auxiliary boilers with
nas=0.95 relative to operation 2.

Comparing the results in Figure 3.20 with the ones relative to 7xg equal to 0.8
shown in Figure 3.15, it can be noticed that in this case there is a general reduction
of the annual economic savings: for the systems with MT1 and ICE1 this is
essentially due to the much lower natural gas consumption in the separate
generation of heat; for the ones with MT2 and ICE2 it is also due to the lower prime
movers total operating hours. For all systems, at low EH+gs max also in this case the
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Figure 3.20. Annual economic savings relative to the micro-CHP systems with 7,5=0.95.
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economic savings relative to operation 2 are much higher than the ones relative to
operation 1, and the micro-CHP systems that present the higher economic savings
are the ones relative to the internal combustion engines, ICE1 and ICE2.
Furthermore, considering in Figure 3.20 the results relative to the micro-CHP
systems with ICE1 and ICEZ2, it can be noticed that for both operation strategies the
economic savings of the two systems at the same values of EHtgs max do not differ
significantly, and that for some small values of EHtesmax the economic savings
relative to the system with ICEL are even higher than the one with ICE2, that has
twice the power of ICE1.

Figure 3.21 shows for all micro-CHP systems the difference between the natural
gas annual cost in separate generation and the one in combined generation, and the
difference between the electricity annual cost in separate generation and the one in
combined generation for each value of EHresmax, With and without incentives,
resulting from the implementation of operation 2 and with 7,g equal to 0.95. In this
case 44Cyg is always negative, that is a consequence of the higher reduction of
natural gas consumption in separate generation.
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Figure 3.21. Difference between the natural gas annual cost in separate generation and the one in
combined generation, and between the electricity annual cost in separate generation and the one in
combined generation, with and without incentives, relative to operation 2 with 77,3=0.95.
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3.5.3. Economic analysis

The market price of a micro-CHP system depends mainly on the prime mover
technology and size. Furthermore, even for a given technology and a certain size, in
the Italian context it is very likely to get very different offers by different suppliers,
due to the absence, at the moment in Italy, of a well-established market for micro-
cogeneration systems. Conversely, for DHW storage tanks it is possible to obtain a
reliable market price, as hot water storage represents an old technology widespread
in many applications. For the above reasons, in order to identify for each prime
mover the best size of the heat storage system from the economical point of view,
the economic analysis is based on the evaluation in each case of the feasible
investment cost for the purchase and the maintenance of the micro-CHP system net
of the cost of the heat storage system, for two fixed pay-back periods.

Figure 3.22 shows a sketch of the hot water thermal energy storage system. In
each analyzed case, the storage system is considered composed of an insulated
cylindrical steel tank with aspect ratio 2, filled with water, and coil heat exchangers.
The volume of the hot water inside the tank Vuy is estimated as follows:

CTES ,max

V. =
prp,w (Th TES Tc TES

HW

(3.9)
)

where Ty, 1es is the hot water temperature with the storage tank fully charged, T tes
is the reference cold water temperature relative to the heat storage tank, p, and ¢
are the water density and specific heat at constant pressure, respectively, both
calculated at the hot water temperature, and Crgs max IS €xpressed in Joule. In all the
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Figure 3.22. Sketch of the hot water thermal energy storage system.
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analyzed cases, Ty t1es is considered equal to 70°C, while T, 1gs is fixed to 30°C.
This last value represents the weighted average between the temperature of water
entering the tank when the stored heat is used to feed the hot water utilities, namely
the mains water at 10°C, and the temperature of the Heat Transfer Fluid (HTF)
returning to the tank from the ambient heating system, that is supposed to be
constant and equal to 35°C. The weight factors multiplying the above mains water
temperature and HTF temperature are calculated as the ratio of the total thermal
energy demand relative to domestic hot water, and of the total thermal energy
relative to ambient heating to the total thermal demand, respectively. Table 3.5.
reports the size of the DHW storage tanks of the micro-CHP systems for each value
of the maximum TES equivalent hours.

The feasible investment cost of each micro-CHP system, that is returned over a
given pay-back period, can be evaluated by means of the following relation:

N N
NPV =—1+ > AS /(1+1)' =—(1 *+TC)+ >_AS, /(1+T)' (3.10)

i=1 i=1
where NPV is the net present value, AS; represents the annual economic savings
over the year i with respect to the separate generation, considered to be constant and
equal to the ones reported in the previous sections, r is the discount rate, | is the
investment cost relative to the purchase and the maintenance of the micro-CHP
system, 1" is the above investment cost net of the cost of the heat storage system
(TC). The cost of the boiler is not included in the investment cost since it is also
present in separate generation. In each analyzed case, the cost of the heat storage
system is evaluated by means of second order interpolation or extrapolation
considering as base data the average costs of commercial hot water tanks relative to

Table 3.5. Sizes of the DHW storage tanks.

Prime mover  EHtesmax 0.25 0.5 1 2 4
MT1 0.200 0.401 0.802 1.605 3.210
ICE1 3 0.257 0515 1.030 2.060 4.120

Viw (M)
MT2 0.325 0.650 1.301 2.602 5.205
ICE2 0.542 1.084 2169 4337 8.675

89



90

A new operation strategy for residential CHP systems

various sizes, derived from the offers by four different Italian suppliers shown in
Figure 3.23. The values in Figure 3.23 refer to the costs of DHW storage tanks with
two fixed serpentine heat exchangers, with the tanks made of steel with vitrification
treatment, and insulated with a polyurethane layer of 50 mm, while the serpentine
heat exchangers are made of stainless steel.

Figures 3.24 and 3.25 show I”, expressed in €/kWy, relative to the cases with
conventional boiler, for a fixed pay-back period of 5 and 10 years, at which the net
present value is assumed null, respectively. It can be seen that the prime movers
with lower power present higher value of I” than the ones with higher power, but
this does not mean that they certainly are more economically convenient, since also
their costs per electric kilowatt is expected to be higher. Differently from the
economic savings, for all micro-CHP systems and for both operation strategies the
maximum values of 1" are not obtained at the maximum storage sizes.

Considering the results relative to operation 1, for all the micro-CHP systems
and for both the pay-back periods, the best choice from the economical point of
view for the heat storage tank size is the one relative to EHres max €qual to 2, and
this is because for all systems the difference between the economic savings at
EH+es max €qual to 2 and those relative to smaller values of EHgs max is enough high
to compensate the higher cost of the TES system, and also because the economic
savings at EHres max €qual to 4, that involve higher costs of the TES systems, are
slightly higher than the ones at EHgs max €qual to 2.
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Figure 3.23. Cost of DHW heat storage tanks with two fixed serpentine heat exchangers.
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Payback: Syears H Operation1 ® Operation 2

Figure 3.24. Feasible investment costs for a pay-back period of 5 years (17,3=0.8).
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Figure 3.25. Feasible investment costs for a pay-back period of 10 years (17,=0.8).

As regards the results relative to operation 2, namely the operation strategy with
heat dumping, it can be observed that for each micro-CHP system the maximum
values of I” are slightly higher than the corresponding ones relative to operation 1.
For the micro-CHP systems relative to MT1 and ICE1, for both pay-back periods
the maximum values of |I” are obtained at a lower storage size with respect to
operation 1, i.e. at EHesmax €qual to 1, while for the ones relative to MT2 and
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ICE2 the storage size corresponding to the maximum values of 1" depend on the
pay-back period. In fact, for both systems the maximum 1" is at EH+es max €qual to 1
with the pay-back period of 5 years, while it is at EH1gs max €qual to 2 with the pay-
back period equal to 10. However, in the cases with the pay-back period equal to
10, I” at EH+es max €qual to 1 is very close the one at EHres max €qual to 2, so it can
be assumed that the best choice of the heat storage size is the one relative to
EH+es max €qual to 1 also for MT2 and ICE2, because it is much better in terms of
encumbrance of the heat storage system. As a concluding observation, considering
the above statements and that for all micro-CHP systems the values of I” at the
different heat storage sizes are very close to each other in operation 2, it can be
assumed that in case of heat dumping for all systems the best choice for the heat
storage size among the analyzed ones is the one relative to EHres max qual to 1, i.e.
half compared to the case without dumping, as it can represent the right
compromise between the necessity to maximize the feasible investment costs, the
practical interest in limiting the encumbrance of the heat storage system, and the
practical convenience of having a quite large thermal energy buffer.

Similar considerations can be made by analyzing Figures 3.26 and 3.27,
showing I, relative to the cases with high efficiency boiler, for a fixed pay-back
period of 5 and 10 years, respectively. As it was to be expected, the higher boilers
efficiency involves in all cases a reduction of the feasible investment cost I”.
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Figure 3.26. Feasible investment costs for a pay-back period of 5 years (77,5=0.95).
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Figure 3.27. Feasible investment costs for a pay-back period of 10 years (17,5=0.95).

3.5.4. Pollutants emission

The annual global emissions of CO,, evaluated by means of the approach
described in Section 3.4.2, and relative to the cases with conventional boilers and
the one relative to the cases with high efficiency boilers are reported in Tables 3.6
and 3.7, respectively. The annual local emissions of CO and NOy, evaluated by
means of the approach described in Section 3.4.2, and relative to the cases with
conventional boilers and the one relative to the cases with high efficiency boilers
are reported in Tables 3.8 and 3.9, and in Tables 3.10 and 3.11, respectively.

In Tables 3.6 and 3.7, the global CO, emissions relative to the micro-CHP
systems, represented by the prime movers, also include the emissions relative to the
auxiliary boilers and those relative to the electricity taken from the grid over the
entire year, including the six months in which the prime mover is inactive.
Differently, in Tables 3.8 and 3.9, and in Tables 3.10 and 3.11, which report annual
emissions on local scale, the emissions relative to the electricity taken from the grid
are not included in micro-CHP ones, as it is generated by centralized power plants
that are usually located far away from residential districts. The tables also report the
annual emissions due to the separate generation of heat and electricity in order to
cover the heat and electricity demands of the user for both considered values of the
auxiliary boilers efficiency, evaluated as described in Section 3.4.2.

The results reported in Tables 3.6 and 3.7 indicate that the annual global CO,
emissions of the internal combustion engines are lower than the ones of the
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microturbines, due essentially to their higher thermal and electrical efficiencies.
However, the annual global CO, emissions of the micro-CHP systems are always
well below the ones due to the separate generation, and this represents a very
important result, since CO, emissions are one of the main responsible of the
greenhouse effect in the Earth atmosphere.

The results reported in Tables 3.8 and 3.9 show that the annual local CO
emissions of the micro-CHP systems are much higher than the ones due to separate
generation, especially for the micro-CHP systems with an internal combustion
engine as prime mover, because of their higher emission factors. The results
reported in Table 3.10 and 3.11 show that the annual local NOx emissions of the
micro-CHP systems with microturbines as prime mover are lower than the ones of
the separate generation, whereas the NOyx relative to the internal combustion
engines are much higher than the ones of the separate generation.

Results also show that for each micro-CHP system the increase in annual global
CO, emissions in operation 2 with respect to operation 1 are not marked, while the
increase in annual local CO emissions in operation 2 with respect to operation 1 is
very strong at low EHresmax, Namely when there is a sensible heat dumping. As
concerns the annual local NOx emissions, it can be seen that for the internal
combustion engines the emissions in operation 2 are higher than the ones of
operation 1 especially at low EHtesmax, Whereas for microturbines the emissions
relative to operation 2 are lower than the ones of operation 1. Moreover, by
increasing the storage size, the NOx emissions of microturbines decrease. This is
due to the fact that the NOx emission factors of the two microturbines are lower
than the corresponding one of the separate generation, for this reason by increasing
the prime mover working hours, the NOx emission decrease. Anyway, in case the
comparison is made between the best configurations from the economical point of
view, namely the ones relative to EHresmax €qual to 2 in operation 1 and those
relative to EHresmax €qual to 1 in operation 2, the differences between the two
operation strategies are not significant. These results are a consequence of the fact
that in operation 2 at EHresmax €qual to 1 the total dumped heat represents a low
percentage of the total thermal energy generated by the micro-CHP systems during
the entire operation period.
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Table 3.6. Annual CO,emissions released by the analyzed micro-CHP systems and by separate

generation on a global scale for the cases in which 7,5=0.80.

Annual global emission of CO, (kg)

Prime mover | EH
TESmax Operation 1 | Operation 2 SG
(nAs=0.80) | (1ag=0.80) | (748=0.80)
0 1.045E+05 | 1.121E+05
0.25 1.045E+05 | 1.132E+05
0.5 1.046E+05 | 1.127E+05
MT1
1 1.096E+05 | 1.121E+05
2 1.114E+05 | 1.117E+05
4 1.117E+05 | 1.116E+05
0 1.021E+05 | 1.083E+05
0.25 1.014E+05 | 1.075E+05
0.5 1.014E+05 | 1.070E+05
ICE1
1 1.028E+05 | 1.055E+05
2 1.047E+05 | 1.048E+05
4 1.048E+05 | 1.048E+05
1.925E+05
0 1.107E+05 | 1.246E+05
0.25 1.115E+05 | 1.238E+05
0.5 1.121E+05 | 1.227E+05
MT2
1 1.149E+05 | 1.259E+05
2 1.248E+05 | 1.255E+05
4 1.255E+05 | 1.255E+05
0 1.079E+05 | 1.223E+05
0.25 1.076E+05 | 1.216E+05
0.5 1.082E+05 | 1.220E+05
ICE2
1.128E+05 | 1.223E+05
1.216E+05 | 1.238E+05
4 1.238E+05 | 1.241E+05
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Table 3.7. Annual CO, emissions released by the analyzed micro-CHP systems and by separate

generation on a global scale for the cases in which 7,3=0.95.

Annual global emission of CO, (kg)

Prime mover | EH
TESmax Operation 1 | Operation 2 SG
(n1a8=0.95) | (nag=0.95) | (74s=0.95)
0 0.898E+05 | 0.999E+05
0.25 0.899E+05 | 1.013E+05
0.5 0.899E+05 | 1.009E+05
MT1
1 0.973E+05 | 1.005E+05
2 0.987E+05 | 1.003E+05
4 1.00E+05 | 1.002E+05
0 0.891E+05 | 0.975E+05
0.25 0.875E+05 | 0.967E+05
ICEL 0.5 0.875E+05 | 0.967E+05
1 0.906E+05 | 0.955E+05
2 0.947E+05 | 0.949E+05
4 0.949E+05 | 0.950E+05
1.326E+05
0 0.948E+05 | 1.103E+05
0.25 0.961E+05 | 1.116E+05
0.5 0.991E+05 | 1.110E+05
MT2
1 1.029E+05 | 1.141E+05
2 1.137E+05 | 1.144E+05
4 1.144E+05 | 1.144E+05
0 0.932E+05 | 1.091E+05
0.25 0.931E+05 | 1.108E+05
0.5 0.957E+05 | 1.113E+05
ICE2
1.031E+05 | 1.139E+05
1.162E+05 | 1.182E+05
4 1.195E+05 | 1.196E+05
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Table 3.8. Annual CO emissions released by the analyzed micro-CHP systems and by separate

generation on a local scale for the cases in which 7,5=0.80.

Prime mover

EHTES,max

Annual local emission of CO (kg)

Operation 1 Operation 2 SG
(nA8=0.80) (nA8=0.80) (nAs=0.80)
0 23.41 35.41
0.25 23.46 36.74
0.5 23.46 36.88
MT1
1 33.18 37.06
2 36.58 37.02
4 37.01 36.97
0 40.44 76.39
0.25 43.19 76.89
0.5 43.58 77.73
ICE1
1 57.59 77.90
2 76.61 77.77
4 78.00 78.09
12.46
0 34.58 56.19
0.25 36.09 56.12
0.5 37.22 56.90
MT2
1 42.43 61.32
2 60.88 62.12
4 62.26 62.30
0 65.80 129.22
0.25 65.69 130.47
0.5 69.12 135.77
ICE2
95.72 144.03
146.31 157.11
4 159.55 160.82
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Table 3.9. Annual CO emissions released by the analyzed micro-CHP systems and by separate

generation on a local scale for the cases in which 7,3=0.95.

Prime mover

EHTES,max

Annual local emission of CO (kg)

Operation1 | Operation 2 SG
(nA8=0.95) (nA8=0.95) (nA8=0.95)
0 20.29 32.84
0.25 20.34 34.23
0.5 20.34 34.40
MT1
1 30.56 34.63
2 34.14 34.60
4 34.59 34.54
0 37.69 74.15
0.25 40.26 116.43
0.5 40.66 117.67
ICE1
1 55.02 75.82
2 74.53 75.71
4 75.96 76.05
8.31
0 28.41 49.22
0.25 29.98 51.28
0.5 34.24 51.02
MT2
1 39.88 55.44
2 55.44 56.41
4 56.47 56.53
0 55.47 110.16
0.25 55.32 118.70
0.5 65.35 123.15
ICE2
93.76 133.36
144.07 150.81
4 156.69 157.22
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Table 3.10. Annual NOyx emissions released by the analyzed micro-CHP systems and by separate

generation on a local scale for the cases in which 7,5=0.80.

Annual local emission of NOx (kg)
Prime mover | EH
TESmax Operation1 | Operation 2 SG
(nA5=0.80) (nAs=0.80) (nA8=0.80)
0 61.92 53.78
0.25 61.88 53.08
0.5 61.88 52.44
MT1
1 54.35 51.68
2 51.72 51.44
4 51.39 51.42
0 105.00 147.00
0.25 107.00 147.20
0.5 107.80 148.77
ICE1
1 123.65 147.00
2 145.12 146.45
4 146.69 146.80
78.95
0 58.00 47.70
0.25 57.14 47.09
0.5 56.49 46.37
MT2
1 53.52 43.51
2 42.98 42.32
4 42.13 42.13
0 136.44 214.22
0.25 136.48 215.11
0.5 140.27 221.14
ICE2
171.96 230.24
232.83 245.37
4 248.01 249.55
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Table 3.11. Annual NOyx emissions released by the analyzed micro-CHP systems and by separate

generation on a local scale for the cases in which 7,3=0.95.

Prime mover

EHTES,max

Annual local emission of NOy (kg)

Operation1 | Operation 2 SG
(nA8=0.95) (nA8=0.95) (nA8=0.95)
0 18.17 17.87
0.25 18.17 17.88
0.5 18.17 17.75
MT1
1 17.70 17.59
2 17.53 17.52
4 17.51 17.51
0 66.00 116
0.25 66.26 74.69
0.5 66.83 75.58
ICE1
1 87.67 117.89
2 115.96 117.68
4 118.03 118.17
20.78
0 18.77 19.01
0.25 18.77 18.97
0.5 18.77 18.84
MT2
1 18.77 18.88
2 18.77 18.78
4 18.77 18.77
0 88.73 168.65
0.25 88.89 181.04
0.5 103.12 187.48
ICE2
144.56 202.36
217.92 227.79
4 236.33 237.10
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Figures 3.28, 3.29 and 3.30 show a graphical representation of CO,, CO and
NOyx emissions relative to the cases with conventional auxiliary boilers,
respectively.
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Figure 3.28. Annual global emission of CO, for micro-CHP systems with conventional boilers.
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Figure 3.29. Annual local emission of CO for micro-CHP systems with conventional boilers.
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Figure 3.30. Annual local emission of NOx for micro-CHP systems with conventional boilers.
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Dynamic simulation of a micro-CHP system operating according to the operation
strategy with heat dumping

“There is no such thing as steady-state, the world is always changing ”

Chapter 4. Dynamic simulation of a micro-CHP
system operating according to the operation strategy
with heat dumping

4.1. Introduction

In this chapter, the dynamic simulation of a residential micro-CHP system
operating according to the heat dumping and no-dumping full-load operation
strategies, introduced in Chapter 3, is presented to demonstrate the practical
feasibility of the two above operation strategies, and the effectiveness of the heat
dumping.

In detail, the dynamic simulation of two cases optimized in the previous chapter,
one for each operation strategy, that present nearly the same operation hours and
economic savings is carried out by using the commercial software TRNSYS 17, and
the choice of the two configurations is made by considering a compromise between
the economic savings and the size of the storage tank.

The micro-CHP system under consideration is the one presented in Chapter 3
with ICE1 as prime mover, since it presents the highest value of the feasible
investment cost for both fixed values of the payback period, and the selected
configurations are relative to the one with EHtgs max €qual to 2 in the case without
heat dumping (operation 1), and the one with EHres max €qual to 1 in the case with
heat dumping (operation 2), as they present almost the same value of the economic
savings and of the working hours. The user is the same considered for the economic
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strategy with heat dumping

optimization conducted in Chapter 3, and is represented by a residential block of
flats with 50 apartments situated in the Italian climatic zone E.

In the following, the case study, or rather the details of the energetic system, and
of the user are presented in Section 4.2. The main results of the economic
optimization of the micro-CHP system with ICEL as prime mover, obtained with
the analysis conducted in Chapter 3, are presented in Section 4.3, to clarify how the
two configurations are selected. Then, the TRNSYS dynamic simulation of the
system for both operation strategies is presented in Section 4.4, whereas the main
results are presented and discussed in Section 4.5.

4.2. Case study

Figure 4.1 shows a simplified layout of the micro-CHP plant. According to it,
the prime mover is interconnected with the external electrical grid, the internal
electric network relative to the user, and the thermal energy storage system (TES).
In turn, it is connected with the heat distribution network of the user, and an
auxiliary boiler (AB) fed by natural gas.

The TES system allows to accumulate thermal energy for a later use when the
instantaneous thermal demand is lower than the micro-CHP prime mover heat

generation.
AUXILIARY
BOILER
THERMAL THERMAL LLOADS:
PRIME ENERGY v AMBIENT HEATING:
MOVER STORAGE - HOT WATER
SYSTEM UTILITIES
—
\ i
by -—AN—
ELECTRIC
’ LOADS
LIS
EXTERNAL
ELECTRICAL GRID

Figure 4.1. Layout of the micro-CHP plant.
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The electrical energy generated by the prime mover is sent either to the users, or
to the external electrical grid in the case of zero electric energy consumption, or to
both of them in the case of a surplus of generation with respect to the instantaneous
electricity demand. Otherwise, if the instantaneous electricity demand is higher than
the electric power provided by the prime mover, electricity is taken from the
external grid.

The prime mover is considered to be the internal combustion engine ICEL,
presented in the previous chapter, whose main characteristics are shown in Table
4.1, since the economic results of the optimization process, conducted in Chapter 3,
relative to the operation optimization of the micro-CHP system with ICEL1 as prime
mover, present the highest feasible investment cost for both fixed values of the
payback period, as shown in Figures 3.24, 3.25, and 3.26, 3.27 showing the
maximum feasible investment cost relative to the purchase of the micro-CHP
systems in the cases in which the auxiliary boiler efficiency is equal to 0.8 and 0.95,
respectively.

As to the user, it is represented by a residential block of flats with 50 apartments
located in the Italian climatic zone E, whose main characteristics are shown in
Table 4.2. Its thermal and electrical demand, and the hourly load profile relative to
the ambient heating, domestic hot water, electrical appliances, and air conditioning
demands are evaluated as in the previous chapter with reference to [1-3].

4.3. Main results of the micro-CHP system economic optimization

The economic optimization of the micro-CHP system operating according to the
two operation strategies, or rather the one without heat dumping (operation 1), and
the one with heat dumping (operation 2) are carried out as in Chapter 3, considering
the tariffs and the incentives reported in [4-7]. As presented in Chapter 3, the micro-
CHP system operation is analyzed by considering six values of the thermal energy
storage system equivalent hours, ranging from the limit case without storage to 4.

Table 4.1. Prime mover characteristics.

Prime mover P (KW) P (KW) 1ol (%) 1 (%)
ICE1l 20 475 28.6 67.9
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Table 4.2. Main characteristics of the user.

Total floor area (m°) 5000
Shape factor S/V (m™) 0.5
Yearly thermal energy demand for ambient
heating (KWh/m?/yr) o8
Yearly thermal demand for the hot water

utilities (KWh/m%/yr) =

Yearly electric energy demand for
electric appliances (KWh/m?/yr) 18

Yearly electric energy demand for
air conditioning (KWh/m?/yr) !

In the following the main results of the economic optimization of the system are
reported in terms of the prime mover working hours, the percentage of the heat
dumped, the primary energy savings obtained with respect to the separate
generation of electricity and heat, and the economic savings to explain how the two
configurations to be dynamically simulated are chosen.

Figure 4.2 shows for both operation strategies the total operation hours of the
prime mover as a function of the maximum TES equivalent hours. In the case of
operation 1, the prime mover operation hours increase with the increase in the
maximum TES equivalent hours, especially at low values of EHtgs max, Whereas in
the case of operation 2, it presents in general a low variation of the total operation
hours. From this figure it can be noticed that, in the case of operation 1 with
EH+es max €qual to 2 and in the case of operation 2 with EHtesmax €qual to 1, the
prime mover presents almost the same values of the working hours, being equal to
3512, and 3588, respectively. As already widely said in Chapter 3, the main effect
of heat dumping on the prime mover operation is the increasing of its working
hours that, in some cases, can be substantial with respect to the values obtained
when the prime mover operates according to the no-dumping operation strategy.
However, in the case with ICEL as prime mover, the percentage of heat dumping is
always quite low as compared to the total thermal energy generated by the prime
mover. Figure 4.3 shows the percentage of the annual heat dumped from the micro-
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CHP system, represented by the prime mover, for each value of EHtgs max relative to
operation 2. The dumped heat is higher at low EHesmax and approaches zero at

larger heat storage system, being at most equal to about 9% of thermal generation,
and equal to 4.2% for EHres max €qual to 1.
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Figure 4.2. Total operation hours of the prime mover as a function of the maximum TES
equivalent hours for both operation strategies.
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Figure 4.3. Percentage of the annual heat dumped from the prime mover as a function of the
maximum TES equivalent hours for operation 2.
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Figure 4.4 shows the primary energy savings evaluated according to [8,9], and
relative to the micro-CHP system for both operation strategies and for all values of
EH+es max, Whereas Figure 4.5 shows for both operation strategies and for all values
of EHes max, the annual economic savings obtained by the micro-CHP system with
respect to the separate generation of electricity and heat. From Figure 4.4, it can be
seen that the heat dumping in operation 2 permits to obtain higher primary energy
savings than those relative to operation 1, and from Figure 4.5 that at low EHves max
the economic savings relative to operation 2 are much higher than the ones relative
to operation 1, due essentially to the much higher total operation hours of prime
movers that occur when the heat dumping is allowed. From this figure, it can also
be notice that the economic savings obtained in the case of operation 1 with
EH+es max €qual to 2 are almost the same of those obtained in the case of operation 2
with EH+es max equal to 1, being equal to 18,264 €, and 18,269 €, respectively.

As consequence of this, it is clear that in the case of operation 1 the best choice
for the heat storage tank size could be the one relative to EHesmax €qual to 2,
because there is a sensible difference between the economic savings at EHtes max
equal to 2 and those relative to smaller values of EHresmax, and also because the
economic savings at EHresmax €qual to 4, that would involve higher investment
costs for the TES systems, are slightly higher than the ones at EHres max €qual to 2.
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Figure 4.4. Primary energy savings relative to the micro-CHP system as a function of the
maximum TES equivalent hours.
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Figure 4.5. Annual economic savings relative to the micro-CHP system as a function of the
maximum TES equivalent hours.

As to the results relative to operation 2, the same economic savings obtained in
operation 1 at EHgs max equal to 2 are achieved at EH+tes max €qual to 1, with slightly
lower primary energy savings, implying lower investment costs for the TES system.

For the above reasons, the two configurations selected for the purpose of the
dynamic simulation of the prime mover operating according to the two operation
strategies are, the one relative t0 EHresmax €qual to 2 in the case without heat
dumping, and the one relative to EHes max €qual to 1 in the case with heat dumping.

4.4. TRNSYS simulation

The commercial software TRNSYS 17 is used to demonstrate the effectiveness
of heat dumping. For this purpose, the simulation of two optimized cases, one for
each operation strategy, that present nearly the same operation hours and economic
savings are carried out. The choice of the two configuration is made considering a
compromise between the economic savings and the size of the tank. In particular,
according to the results shown in Section 4.3, the two selected configurations are
the one relative to EHesmax €qual to 2 in the case without heat dumping, and the
one relative to EHes max €qual to 1 in the case with heat dumping.
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In the following the thermal energy storage system characteristics are presented
in Section 4.4.1, whereas the dynamic simulation of the system operating according
to the operation strategy without heat dumping, and to the one with heat dumping
are presented in Sections 4.4.2, and 4.4.3, respectively.

4.4.1. Thermal energy storage system

Figure 4.6 presents the scheme of the thermal energy storage system. It consists
in a vertical cylindrical tank for hot water storage, with aspect ratio equal to 2, and
two immersed coiled tube heat exchangers, and it is considered divided into 50
isothermal nodes.

In order to conduct the dynamic simulation of the storage system, in both cases,
or rather in the case of operation 1 (no-dumping), and in the case of operation 2
(with heat dumping), the TRNSYS Type 60 is used. This TRNSYS component
represents the most detailed tank model available in the standard TRNSYS library,
and models a stratified fluid storage tank with optional internal heaters and optional
internal heat exchangers, which makes it suitable to model many commercially
available domestic hot water tanks [10].

In each case, the tank volume is evaluated so that the maximum equivalent hours
relative to the heat storage system correspond to a decrease of the tank mean
temperature of 20°C, since the maximum temperature of the water inside the tank is
assumed equal to 60°C, and the temperature of water entering the tank is evaluated
as the weighted average between the temperature of the public water supply,
namely 10°C, and the Heat Transfer Fluid (HTF) temperature of the ambient
heating coming from the user at 45°C. In detail, in the case of operation 1, the
volume tank is equal to 4.17 m?, in the case of operation 2, it is equal to the half of
the one of operation 1, or rather 2.08 m>. In the case without heat dumping, the
storage system is considered composed of one inflow/outflow duct for the water in
order to receive/send the water from/to the user; in the case with heat dumping, it is
composed of two inflow/outflow ducts in order to receive/send the water from/to
the user, and to perform the heat dumping. The tank main characteristics are shown
in Table 4.3.
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Figure 4.6. Scheme of the considered TES system.

As concerns the heat exchangers, the one at the bottom side of the tank (HX,) is
used to warm up the water in the tank by means of the HTF flowing through the
prime mover, while the one at the top side (HX;) is used to transfer heat from the
hot water in the tank to the HTF of the ambient heating network. The heat
exchangers are the same for both cases, and their dimensions are fixed so that the
mean exchanged power through each of them is equal to the prime mover thermal
power. HX; is considered the same since the same prime mover is used, whereas to
establish the size of HX, several tests are conducted. The results show that the for
both cases, or rather for both sizes of the tank, the mean exchanged power is the
same, and equal to the prime mover thermal power, and the increase of the
maximum power is negligible. Table 4.4 shows the main characteristics of the heat
exchangers for both analyzed cases.

Table 4.3. Main characteristics of the tanks.

Operation1  Operation 2

TRNSYS Type 60 (d) 60 ()
N° of water inlet/outlet 1 2
Tank 3
Volume (m°) 4.17 2.08
Height (m) 2.77 2.20
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Table 4.4. Main characteristics of the heat exchangers.

HX, HX,

Inside diameter (m) 0.025 0.047

Outside diameter (m) 0.027 0.049
Heat exchange surface (m°?) 6.5 3.8
Length (m) 80 25.9

Mass flow rate (I/s) 1.1 2.85

4.4.2. Dynamic simulation of the system in No-dumping case

Figure 4.7 shows the TRNSYS diagram of the case without heat dumping
relative to EH+es max €qual to 2.
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Figure 4.7. TRNSY'S diagram for the case of operation 1.
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To perform the dynamic simulation of the operation strategy without heat
dumping, the prime mover hourly schedule, indicated as Schedule_PM in Figure
4.7, is fixed, and the schedule resulting from the optimized Matlab operation 1 is
used.

The loads for domestic hot water (DWH User) and ambient heating (AH User)
are assigned so that the temperature of hot water flowing to the user is constant and
equal to 55°C, and the temperature of the heat transfer fluid to the user is constant
and equal to 50°C, respectively.

Two different diverters (Diverter_DWH and Diverter_AH) and auxiliary boilers
(Auxiliary Boiler_DWH and Auxiliary Boiler_AH ) are used in order to control and
keep the above temperature values for hot water temperature and the HTF one. In
practice, only one auxiliary boiler could be used.

4.4.3. Dynamic simulation of the system in Dumping case

Figure 4.8 shows the TRNSYS diagram relative to the case with heat dumping.
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Figure 4.8. TRNSY'S diagram for the case of operation 2.
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In this case, the prime mover schedule resulting from the optimized Matlab
operation 2 with EHtgsmax €qual to 1 is used, and it can be noticed that heat
dumping is performed by means of a PID controller. In particular, the heat dumping
is realized by discharging hot water from the tank through a second outflow duct,
and the controller calculates the mass flow rate of the hot water to be discharged to
maintain the value of the controlled temperature that is represented by the
temperature of the HTF entering the prime mover, lower than a set point one. The
set point temperature is evaluated in order to obtain the same HTF mean
temperature at the inlet and outlet of the HX; of the case without heat dumping,
implying the equivalence of the prime mover operation in the two cases.

4.5. Results

The results are reported in terms of the comparison between the most
representing temperatures of the water inside the tank, and of the HTF flowing in
the two heat exchangers, obtained from the dynamic simulation of the system in the
two cases and in the case in which the volume of the tank is the same used in the
case with heat dumping, or rather 2.08m?, but no heat dumping is applied. The latter
test, indicated in the following as operation 2*, is necessary to understand which
values the above temperatures reach in the case in which the tank is too small and
the dumping is not applied. Table 4.5 shows these results, obtained carrying out the
dynamic simulation with a time step of 60 s.

It can be noticed that the mean temperatures at the inlet and outlet of HX,
namely the heat exchanger connected to the prime mover, resulting from the
simulation of the configuration relative to operation 2 assume about the same value
as in operation 1. The above result demonstrates the equivalence between the two
configurations, and it is obtained by imposing a set point temperature for the PID
controller in operation 2 equal to 75°C, generating a percentage of dumped heat of
4.2%, precisely the same resulting from the optimization problem resolution.
Moreover, from Table 4.5, it can be seen that the configuration operation 2* in
which the TES size is the same as in operation 2, but no heat dumping is applied,
the relevant temperatures are quite higher than the corresponding ones in the other
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Table 4.5. Comparison between the most representing temperatures resulting from the dynamic

simulation.

Operation1  Operation 2  Operation 2*

Tmax (°C) 73.3 72.5 91.8

Tank
Tmean (°C) 59.6 58.1 60.7
Thirr,max (°C) 90.6 86.9 109.4
HX, Tinmean (°C) 72.9 72.4 75.2
Tout mean (°C) 64.0 63.3 66.2
Thtr.max (°C) 68.0 73.8 86.7
HX2  Tinmean (°C) 43.1 43.1 43.1
Toutmean (°C) 47.6 47.6 49.4

cases, especially the maximum temperature of the storage tank water, and the
maximum temperature of the HTF for both heat exchangers.
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Comparison between two CHP systems operation strategies: heat dumping vs. load-
partialization

“Afact in itself is nothing. It is valuable only for the idea attached to it, or for the proof which it

furnishes”

Chapter 5. Comparison between two CHP systems
operation strategies: heat dumping vs. load-
partialization

5.1. Introduction

In this chapter, the optimized results relative to a residential natural gas-fired
CHP system operating according to the novel operation strategy with heat dumping
are compared with the ones relative to the case in which the CHP system operates
following a heat-driven strategy allowing load partialization, in order to generalize
the effectiveness of the novel operation strategy for heat-driven residential natural
gas-fired CHP systems.

The CHP system under consideration is composed of a natural gas-fired
microturbines as prime mover, a thermal energy storage system, and auxiliary
boiler, supplying electricity and heat to two Italian residential buildings. Also in this
case, the effects of the variation of the size of the thermal energy storage system on
the optimization results are investigated, and the simulation of the two different
operation strategies is realized by using a numerical code written in Matlab
environment. The heuristic algorithm patternsearch is used to perform the economic
optimization of the operation relative to both implemented strategies, aimed at
maximizing the economic savings obtained by the CHP system with respect to the
separate generation of electricity and heat. Moreover, the pollutants emission of the
system operating according to the two operation strategies are evaluated.
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From the economic point of view, the results show that the difference between
the best CHP system configuration in the case with heat dumping and the one
relative to the case with load partialization is minimal, with the latter presenting a
slightly higher economic performance. As concerns pollutants emissions, results
show that the impact of load partialization on a local scale is much higher, with CO
emissions that can be up to three times the ones relative to conventional systems for
the separate generation of electricity and heat.

Moreover, in this chapter an analysis about conditions in which heat dumping
could yield higher economic performances than load partialization is presented.

In the following, the analyzed case is presented in Section 5.2, whereas the
operation strategies are presented in Section 5.3. The methodologies used to
evaluate the prime mover optimal scheduling, and the pollutants emission of the
CHP system and of the separate generation system are presented in Section 5.4.
Lastly, the analyses results are presented and discussed in Section 5.5.

5.2. Analyzed case

In the following, the details of the energetic system, and of the user are
presented in Sections 5.2.1, and 5.2.2, respectively.

5.2.1. Energetic system

Figure 5.1 shows the layout of the CHP system. According to it, during the CHP
system operation, if the user instantaneous electricity demand is null, the prime
mover electricity generation is sent to the external electrical grid, whereas in case
the user instantaneous electric power demand is not null, and it is lower than the
electric power generated by the prime mover, part of the electricity generated by the
prime mover is used to fill the user demand, and the generation surplus is sent to the
external electrical grid. All the prime mover electricity generation is absorbed by
the user in case it equals the instantaneous demand, otherwise, if the electric power
generated by the prime mover is lower than the instantaneous demand, then part of
the demand is filled with electricity from the grid.

When thermal power generated by the prime mover is higher than the
instantaneous thermal demand, the thermal energy surplus is accumulated in the
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thermal energy storage system for a later use, whereas the auxiliary boiler, fed by
natural gas (NG), is used to integrate the prime mover and the thermal energy
storage system heat supply.

Table 5.1 reports the nominal electrical and thermal power of the commercial
natural gas fuelled microturbine (MT) used as prime mover, and its efficiencies at
three different electrical loading levels [1].

As concerns the thermal energy storage system, different sizes are analyzed:
calculating the maximum heat storage equivalent hours (EHtesmax) as the ratio
between the maximum heat storage capacity and the thermal power generated by
the prime mover, six values of EHgs max are considered, from the limit case without
heat storage (EHtesmax=0), to four. Lastly, the auxiliary boiler efficiency is fixed to
0.8, representing the efficiency of the average available technologies.
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PRIME ENERGY AMBIENT HEATING;
MOVER STORAGE HOT WATER
SYSTEM UTILITIES
—~— -
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Figure 5.1. Layout of the CHP plant.

Table 5.1. Prime mover characteristics.

Prime mover Pg (kW) Py (KW)  Electrical loading level (%)  #e (%0) g (%)

50.0 20.0 57.0
MT 60 120 75.0 240 56.0
100.0 26.0 52.0
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5.2.2. User

The user is represented by two equal residential buildings located in the north-
west of Italy (climatic zone E), and is characterized by 2611 Heating-degree-days
[2]. Each building includes 50 apartments, and is characterized by a total surface
area equal to 5000 m? and a shape factor S/V of 0.5 m™. For the ambient heating,
the annual total thermal energy demand, calculated using the Italian limits for the
energy performance of buildings [2], is equal to 68 kWh/m/yr, while the annual
total thermal energy demand due to hot water utilities is fixed to 15 KWh/m?/yr [3].

The user annual total electric energy demand for electrical devices, excluding
the ones for air conditioning in the warm season, is equal to 18 kWh/m?yr, while an
electricity demand of 7 kWh/m?/yr is considered for the air conditioning during the
warm season [4].

The hourly profiles both for the thermal and electrical demand are evaluated
according to the works of Barbieri et al. [4] and Bianchi et al. [5]. Figure 5.2 shows
the non-dimensional distribution of the annual total thermal energy demand among
the months relative to the cold season, whereas, Figures 5.3 and 5.4 show the non-
dimensional hourly profile relative to the thermal energy demand for ambient
heating in the cold season and for domestic hot water, respectively, this last
assumed to be the same all over the year.
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Figure 5.2. Non-dimensional monthly total thermal energy demand in the cold season.
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Figure 5.3. Non-dimensional hourly thermal demand for ambient heating in the cold season.
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Figure 5.4. Non-dimensional hourly thermal demand for domestic hot water.

Figures 5.5 and 5.6 show the non-dimensional hourly profiles relative to the
electrical energy consumption of electrical appliances and for the air conditioning,
respectively. The load profile relative to the electrical appliances is considered to be
the same for each day of the year, whereas the electric loads relative to the air
conditioning are considered only during the summer months of June, July and
August.
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Figure 5.5. Non-dimensional hourly electric demand for the equipment.
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Figure 5.6. Non-dimensional hourly electric demand for air conditioning.

5.3. Operation strategies

The two implemented heat-driven operation strategies consist in the novel one
with heat dumping, presented in Chapter 3, in which the prime mover can only
operate at full-load and heat dumping is allowed, and in a partial-load operation
strategy, in which no heat dumping is allowed.
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For a given time-step of operation, in the operation strategy allowing heat
dumping, part of the thermal energy generated by the prime mover can be dumped
in order to match the sum of the energy demand of the user and the energy required
to fill the thermal energy storage system (TES), this last equal to the difference
between the maximum capacity and the current capacity of the TES. In this case, a
maximum allowable value of the dumped thermal energy is imposed, equal to the
50% of the thermal energy generated by the prime mover, in order to limit the
lowering of the primary energy savings involved by heat dumping.

As concerns the operation strategy allowing load partialization, the match
between the thermal power generated by the prime mover and the sum of the user
heat demand and the thermal energy needed to fulfill the TES is obtained by
implementing partial-load operation. To limit the loss of primary energy savings
due to the reduction of the prime mover electrical efficiency at partial-load
operation, the prime mover minimum electric generation is fixed to 50% of the one
generated at full-load.

Figures 5.7 and 5.8 show the block diagrams relative to the heat-driven
operation strategies of the prime mover in the case with heat dumping and in the
case with load partialization, respectively. The variables presented in such figures
are evaluated considering a time-step of one hour. In detail, in Figure 5.7, Egpm L
represents the heat generated by the prime mover, Ey, sr the heat demand, and Cres
the current heat storage capacity, whereas in Figure 5.8, Eypup. refers to the
thermal energy generated by the prime mover at partial-load operation in one hour,
and E 'y pumpL IS the thermal energy generated by the prime mover when the electric
power generated by the prime mover is equal to the 50% of the one generated at
full-load operation.

In the operation strategy with heat dumping, for each hour in which the prime
mover is switched on, if the sum of the heat required to fill the heat storage system
and the heat demand is lower than the heat generated by the prime mover operating
at full load, then the surplus of heat generated by the prime mover is dumped.
Differently, in the case relative to the operation strategy with load partialization,
when the prime mover is switched on and the sum of the heat required to fill the
heat demand and the heat storage systemis lower than the heat generated by the
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Figure 5.7. Block diagram relative to the prime mover operation strategy allowing heat dumping.
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Figure 5.8. Block diagram relative to the prime mover operation strategy with load partialization.
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prime mover operating at full load, then the above sum is matched by means of load
partialization, as shown in Figure 5.8. To evaluate the electrical and thermal
efficiencies in case of load partialization, a second order interpolation is performed
by using the values reported in Table 5.1.

Finally, it is assumed that the prime mover can operate only in the cold season,
namely from October 15" to April 15", and that it can be switched on at most two
times a day in order to limit the prime mover warm-up periods which limit its
efficiency. The heat and electric demands for the rest of the year are fulfilled by
separate generation using the auxiliary boiler and taking the electricity from the
grid, respectively.

5.4. Methodologies

In the following, the methodologies used to evaluate the prime mover optimal
scheduling, and the pollutants emission of the system operating according to the
two operation strategies are presented in Sections 5.4.1, and 5.4.2, respectively.

5.4.1. Evaluation of prime mover optimal scheduling

The simulation of the two different operation strategies is realized by using a
numerical code written in Matlab environment, and the patternsearch algorithm is
used to perform the economic optimization of the prime mover operation schedules
relative to the implemented strategies as compared to separate generation of
electricity and heat. The economic optimization is conducted as in Chapter 3, by
considering the Italian tariffs of electricity and natural gas [6,7], and the Italian
incentives for cogeneration [8-13]. These last consist in a tax reduction on the
natural gas used for the electricity generation, in benefits related to the possibility of
releasing the electricity generated in cogeneration asset in the grid for a later use on
a yearly basis, and in the possibility to gain a certain number of white certificates
proportional to the energy savings obtained thanks to cogeneration. The objective
function to be minimized in the optimization problem is given by:

FF = ACF = _( AACNG + A'A\Celectriciy )_ RWC (51)

where ACF is the difference between the annual cash flow in case of separate
generation and the one relative to combined generation, AACyg represents the
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difference between the natural gas annual cost relative to separate generation and
the annual cost of natural gas consumed in case of combined generation, this last
including also the cost of the natural gas that is used to feed the auxiliary boiler, and
that is not subject to tax reduction, AACecriciy represents the difference between
the electricity annual cost in case of separate generation and the one in case of
cogeneration, and Ryc is the profit due to the white certificates. The evaluation of
the costs differences and of the profit relative to the white certificates in equation
(5.1) is made over an entire year.

The program main input data are the prime mover characteristics and the
auxiliary boiler ones, the electrical and thermal demands of the user, the heat
storage size, the tariffs of natural gas and electricity, and the initial operation
schedule. The program main outputs are the optimized ON/OFF sequence for each
day of operation, the hourly thermal and electrical generation of the prime mover,
the dumped heat for each operation hour in case the operation allows heat dumping,
the consumption and cost of natural gas and electricity from the grid both for
cogeneration and separate generation, the primary energy savings, the incentives for
cogeneration, and the global and local pollutants emission.

5.4.2. Evaluation of local and global pollutants emission

The difference between cogeneration and separate generation of electricity and
heat, in terms of pollutants emission, are evaluated using the emission factors
[1,14]. Considering a generic energy generator fed by a certain fuel, the mass of the
generic pollutant p emitted for the generation of the generic energy vector X is
calculated as:

m) =u, - X (5.2)

where ,upx is the emission factor expressed in g/kWh. For a generic pollutant, the

emission factor mainly depends on the fuel type and on the generator characteristics
and maintenance state.

The total emissions of the cogeneration system include the emissions of the
prime mover, of the fraction of the electricity taken from the external grid by
centralized power plants, and of the auxiliary boiler. In each of the analyzed cases,
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the total emissions of the cogeneration system are compared to the emissions due to
the separate generation of the same quantity of electricity and heat by centralized
power stations and the auxiliary boiler, respectively. It is assumed that, in separate
generation, the electricity is generated by a mix of conventional technologies
representing the power system in Italy, and the heat by a conventional boiler fed by
natural gas. Table 5.2 shows the emission factors used [1,14,15]. In each of the
analyzed cases, the global emissions of the cogeneration system and those relative
to the separate generation are evaluated, on a hourly basis, by means of equation
(5.3) and equation (5.4), respectively.

CHP _
o =

E

E, PM E4 . SG oSG
m ,Llp' . EeI,PM + ,Upm : Eth,AB + lupl ' Eel,taken (5.3)

SG E, SG E, SG E, SG E, SG
m;™ = u,° 'EeI,PM " Eth,PM " Eth,AB + 'Eel,taken (5.4)

The local emissions, which do not include the emissions of centralized power
stations that are usually located far enough from urban areas, are evaluated by
means of equations (5.5) and (5.6).

c Ey PM EpSG
mpHP =H, : EeI,PM +u Eth,AB (5.5)

G EpSG E,.SG
my™ =4, Byon + 44,777 By e (5.6)

Table 5.2. Emission factors and energy production efficiencies.

Type of NOx CO CcoO,
. Load (%) #e (%)  nn (%0)
equipment (o/kWh)  (g/kWwh)  (g/kwh)
50.0 20.0 57.0 0.121 10,251 1010
Prime 75.0 24.0 56.0 0.078 2.204 842
mover
100.0 26.0 52.0 0.068 0.047 177
Separate
genef?t'on 100.0 40.0 - 0.50 0.30 700
0
electricity
Separate
generation 100.0 - 80.0 0.19 0.03 253

of heat
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5.5. Results

The optimized results are obtained considering the prime mover operating in the
cold season, from October 15" 2013 to April 15" 2014. The results relative to the
operation strategy allowing load partialization are referred to using PL (part-load
operation), while the ones relative to the operation strategy with heat dumping using
D.

In the following, the energetic results are presented in Section 5.5.1, whereas the
economic ones are reported in Section 5.5.2. The global and local pollutants
emission are presented in Section 5.5.3.

5.5.1. Energetic results

Figure 5.9 shows, for both operation strategies, the percentage of the annual
electricity demand covered by the prime mover as a function of the maximum TES
equivalent hours. For EHtgs max ranging from 0 to 2, for both operation strategies
there is a sensible increase in the prime mover electricity generation with the
increase in the maximum TES equivalent hours, because larger TES systems allow
the prime mover to work for more hours, and consequently to generate more
electricity, as it is possible to store more exceeding heat for a later use.
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Figure 5.9. Percentage of the annual electricity demand covered by the prime mover as a function
of the maximum TES equivalent hours for both operation strategies.
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Relatively to the differences between the two operation strategies concerning the
electrical energy generation at different storage sizes, Figure 5.9 shows that, at low
storage sizes, the prime mover electricity generation relative to the partial-load
operation strategy is higher than the corresponding one relative to the case with heat
dumping, demonstrating the higher flexibility of partial-load operation. The PL
strategy, despite the decrease of the electrical efficiency, permits to obtain an higher
electricity generation than the one obtainable from the operation strategy with heat
dumping, in case of relatively low thermal storage system sizes.

Figure 5.10 shows, for both operation strategies, the percentage of the annual
total thermal demand, including ambient heating and domestic hot water, covered
by the prime mover, for each value of EHres max. In this figure, the values relative to
the operation strategy with heat dumping do not include the corresponding dumped
thermal energy, and this explains the different gaps between the values relative to
the two operation strategies with respect to Figure 5.9. At large storage sizes, the
electric and thermal power generated by the prime mover in the two different
operation strategies approach the same asymptotic value, since the two operation
strategies become equivalent to the classical heat-driven full-load operation mode,
and the percentage of heat generated in partial-load conditions and the dumped heat
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Figure 5.10. Percentage of the annual total heat demand (ambient heating + domestic hot water)
covered by the prime mover as a function of the maximum TES equivalent hours for both
operation strategies.
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are very close to zero, as presented in Figure 5.11 showing the percentage of the
heat generated in partial-load condition and the dumped heat with respect to the
prime mover total thermal generation, for each value of EHtgs max. Both the dumped
heat and the partial-load heat generation are higher at low EHtgs max, and approach
zero at the largest heat storage size. Nevertheless, even when the storage size is low,
they represent a relatively low percentage of the prime mover total thermal energy
generation.

Taking into consideration the prime mover thermal power, the user thermal
demand, and the period in which the prime mover can be active, it can be argued
that the asymptotic value of thermal demand covered by the prime mover does not
correspond to the maximum percentage of the thermal demand that the prime mover
could cover. This because, in some hours, the electricity generated by the prime
mover has a very low economic value and, consequently, buying electricity and
using the auxiliary boiler for generating heat is more convenient.

This also is the reason for which the optimization effects in the case with load
partialization and without the thermal storage are not null. In this case, the prime
mover should follow the thermal demand, with the constraint represented by the
minimum electricity generation indicated in Section 5.3, but in few hours,
characterized by very low electricity export prices, the optimization algorithm
chooses to buy electricity from the grid and to use the auxiliary boiler, rather than to
use the prime mover. Nevertheless, in this case the optimization effects on the
prime mover operation are negligible, and thus the results relative to this case can
represent a benchmark for comparisons with the optimized results relative to the
other analyzed cases.

Figure 5.12 shows, for both operation strategies, the annual natural gas
consumption of the CHP system for each value of EH1gs max. The annual natural gas
consumption is equal to the sum of two contributions, namely the prime mover total
natural gas consumption and the auxiliary boiler one, this last including also the
natural gas consumption relative to the months in which the prime mover is
inactive. For each operation strategy, for EH+gs max going from 0 to 2 the natural gas
consumption increases slightly with the increase of the TES system size, due to the
higher prime mover operation hours at large thermal storage sizes, and to the fact
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that the prime mover thermal efficiency is well below the auxiliary boiler one. The
same reason explains the differences between the natural gas consumptions relative
to the two different operation strategies, for each the TES system sizes included in
the above range.

25 : :
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Figure 5.11. Heat generated in partial-load conditions and dumped heat.
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Figure 5.12. Natural gas annual consumption.
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Figure 5.13 reports the primary energy savings relative to the CHP system for
both operation strategies and for all values of EHrgs max. The primary energy savings
(PESS), expressed in equivalent oil tons per year, are evaluated as follows:
E

PES = el,PM 4 (Eth,PM - Eth,dumped)
nel,ref 77th,ref

—E, (.7)

where Eg py, and Eypw represent the annual total electric and thermal energy
generated by the prime mover, respectively, Equmpes IS the total thermal energy
dumped, Es is the energy of the total natural gas consumed by the prime mover
calculated using its lower heating value, and # rer and 7 res are the Italian reference
efficiencies for the separate generation of heat and electricity [12,13], respectively.
Of course, the PES index, in the case with load partialization, are evaluated by
means of the equation (5.7) considering the dumped thermal energy equal to zero.
As expected, for both operation strategies, the primary energy savings increase
with the increase in the TES system size, as a consequence of the increased
operation hours of the cogenerator. Moreover, for EHrgs max going from 0 to 0.5, the
operation strategy with load partialitazion permits to obtain higher primary energy
savings than those relative to the strategy with heat dumping, due to the higher
prime mover working hours. Even at EHesmax €qual to 1, load partialization
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Figure 5.13. Primary energy savings for the two analyzed operation strategies at different TES
system sizes.
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generates higher PESs than the ones relative to the operation with heat dumping,
and this is because, with this TES system size, the dumped heat is not yet
negligible, while for larger TES system sizes, namely the ones with EHrgs max €qual
to 2 and 4, the PESs of the two different operation strategies assume practically the
same values.

5.5.2 Economic results

The natural gas and electricity tariffs used for the costs evaluation and for the
estimation of the incentives are relative to the period that goes from September 1%
2013 to August 31% 2014 [6,7]. In the present case, according to the Italian policy
classifying the tariffs for natural gas and electricity by consumption brackets, the
natural gas tariff and the tariff of the electricity taken from the grid depend on the
annual total natural gas and electricity consumption, respectively. The electricity
tariff also depends on the monthly consumptions, because the electricity tariff
component relative to the excise is evaluated on a monthly basis. As concerns the
natural gas tariff, the unitary cost (€/Sm’) decreases passing from a consumption
brackets to the subsequent higher one, whereas, on the contrary, for electricity, the
unitary cost (€/kWhg) increases at high consumption brackets. In the present case,
relatively to the separate generation, the resulting cost of natural gas is equal to
0.848 €/m>, while the cost of the electricity taken from the grid is equal to 0.190
€/kWhe. The above electricity cost represents an average value, since, as stated
before, the excise component of the electricity tariff is calculated on a monthly
basis. The unitary cost of natural gas, electricity taken from the grid, and electricity
sent to the grid, and thus not self-consumed, relative to the different CHP system
configurations analyzed, are evaluated taking into account the incentives for
cogeneration, and are shown in Table 5.3. Table 5.3 shows an average value also
for the natural gas cost, because the natural gas consumed by the auxiliary boiler is
not subject to the incentives. For both operation strategies, both the average unitary
cost of natural gas and of the taken electricity decrease with the increase of the
thermal energy storage size, due essentially to the higher amount of natural gas
consumption in cogeneration regime at high storage sizes, and to the higher amount
of taken electricity at low storage sizes, respectively. The unitary value of the
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electricity sent to the grid varies on an hourly basis, and, in the present case, ranges
from 0.02 €/kWhg to 0.15 €/kWhe,. The average unitary value of the sent electricity
decreases with the increase of the thermal energy storage size. This is explained
considering that the optimized results indicate that the higher is the storage size, the
higher is the total amount of generated electricity and sent electricity. So, at high
storage sizes, considering the limit relative to the hourly electricity generation
represented by the prime mover maximum electric power, the optimization
algorithm has less room for generating electricity when its economic value is high.
Figure 5.14 shows the annual economic savings due to cogeneration with respect
to the separate generation of electricity and heat, for both operation strategies and
for all values of EHtgsmax. The trends of the economic savings as a function of the

Table 5.3. Economic values of natural gas, electricity taken from the grid, and electricity sent to
the grid relative to the different CHP system configurations analyzed.

Average unitary .
Average unitary
. Average cost of o
Operation . o value of electricity
EHresmax NG unitary  electricity taken

Strategy 3 . sent to the grid
cost (€/Sm”)  from the grid
(€/kWhy)
(€/kWhy)

0 0.773 0.170 0.089

0.25 0.767 0.169 0.085

0.50 0.765 0.169 0.084

° 1 0.754 0.168 0.081
2 0.750 0.168 0.080

4 0.749 0.168 0.080

0 0.769 0.169 0.086

0.25 0.763 0.168 0.083

0.50 0.759 0.168 0.081

PL 1 0.754 0.168 0.080
2 0.750 0.168 0.080

4 0.749 0.168 0.080
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Figure 5.14. Annual economic savings for the two analyzed operation strategies at different TES
system sizes.

TES system size are similar to the ones relative to the primary energy savings.
Indeed, in general the economic savings increase with the increase of the TES
system size, load partialization allows to have higher economic savings with respect
to the strategy with heat dumping for EHtes max from 0 to 1, while the strategies are
equivalent at EH+es max €qual to 2 and 4.

In Italy it is quite hard to define a reliable market price for CHP systems, since
to date there is not a well-established market for such systems, while this is not the
case for the storage system, since hot water storage represents an old technology
largely used in many applications. Thus, for both operation strategies analyzed, the
most economically convenient configuration is found out by calculating the feasible
investment cost for the CHP system net of the storage system, considering a fixed
payback period. For each analyzed configuration of the CHP system, the feasible
investment cost, that is returned over a given pay-back period, is evaluated as
follows:

NPV = -1 JFZN:ASi I(1+r) :—(I*+TC)+iASi I(L+r) (5.8)

where NPV represents the net present value, | represents the investment cost for the
CHP system purchase and maintenance, AS; is the total economic savings with
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respect to the separate generation over the year i, that correspond to the ones in
Figure 5.14, r represents the discount rate, and I” is the investment cost net of the
storage system cost TC. The boiler cost is not present in the investment cost because
this component is also included in separate generation. The size and cost of the
thermal energy storage system, for each analyzed configuration including thermal
energy storage, is evaluated as in Section 3.5.3, and are reported in Table 5.4.

Figure 5.15 shows the feasible investment cost I” for all the analyzed cases,
expressed in €/kWy, for a fixed pay-back period of 5, at which the net present value
is assumed null. For both operation strategies, the values of I* at the different heat
storage sizes are very close to each other. For the operation strategy with heat
dumping, the best choice from the economical point of view for the heat storage
size, among the analyzed ones, is the one relative to EHresmax €qual to 2, while in
the case with load partialization the best one is that with EHrgs max €qual to 1.

By comparing the best values of the feasible investment cost relative to the two
investigated operation strategies, it is clear that the most economically convenient
operation strategy for the CHP system is the one with load partialization, although
the difference in terms of feasible investment cost between the best configurations
is low, i.e. about 2% of the best feasible investment cost with load partialization.
Moreover, the difference between the feasible investment costs relative to the cases
with heat dumping characterized by EHres max €qual to 1 and 2 is minimal. Indeed,
the difference between the configuration with heat dumping and the one with load
partialization, both characterized by EHresmax equal to 1, in terms of feasible
investment cost, is about 3%.

Table 5.4. Size and cost of thermal energy storage systems.

EHtes max Size (M%) Cost (€)
0.25 0.65 2,55
0.5 13 4,72

2.6 6,14
2 5.2 10,15
104 16,45
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Figure 5.15. Feasible investment costs for a pay-back period of 5 years.

Finally, the best size for the heat storage system, for both operation strategies,
can be assumed to be the one corresponding to EHres max €qual to 1, since it is a
good compromise between the necessity to have a high feasible investment cost, a
low encumbrance, and a relatively large buffer of thermal energy.

5.5.2.1. Further insights on economic results

The results reported in the previous section show that, for the present case study,
the operation strategy with load partialization is slightly more economically
convenient than the one with heat dumping. This is essentially because, in the
operation strategy with heat dumping, the positive effects associated with the
electricity generation at full load, and thus at maximum electrical efficiency, are not
sufficient to cope with the negative ones associated to the dumped surplus of
thermal energy, or equivalently to the surplus of the natural gas consumed, in order
to overcome partial-load operation.

In this section, a detailed evaluation of the difference between the cash flow
relative to the operation strategy with heat dumping and the one relative to the
operation strategy with load partialization is made in order to get further insights on
the difference between the two above operation strategies from the economical
point of view. The analysis presented in this section is made considering the electric

139



140

Comparison between two CHP systems operation strategies: heat dumping vs. load-
partialization

power required by the user ranging from 0 to Py, this last being the electric power
generated by the prime mover at full load. The difference between the cash flows of
the two operation strategies in case the electric power demand is higher than P can
be easily derived from the results reported in the following.

Considering the prime mover operating at the operation mode with load
partialization, for a generic operation hour, the cash flow can be expressed as:

P
CF, =——2PL.CST,, —max(P,

Tt pL

PeI,PL 'O)TV + maX( PeI,PL - Pel,user 10) SV (59)

luser —

where PgpL and Py, pp represent the electric and thermal power generated by the
prime mover operating at partial load, respectively, Pgusr IS the electric power
required by the user, 5y pL represents the prime mover thermal efficiency at partial
load, CSTyg represents the natural gas cost expressed in €/kWh, and TV and SV are
the economic value of the electricity taken from the grid and sent to the grid both
expressed in €/kWh, respectively. For the same hour, the cash flow in the case
with heat dumping is:

P

CI:D =- 'CSTNG +(Pel _Pel,user)'sv (510)

n FL

where n r represents the prime mover thermal efficiency at full load. In the case
with heat dumping, and under the above limitation relative to the electric power
required by the user, Pe user always corresponds to the electric power generated by
the prime mover that is self-consumed, and the term in parenthesis in equation
(5.10) represents the electric power generated by the prime mover and sent to the
external grid. Consequently, indicating with fsc the fraction of the electric power
generated by the prime mover in the case with heat dumping and self-consumed,
equation (5.10) can be written as:

P
CFy =——1

-CSTye + Ry - (1-fs )-SV (5.12)
M L

and equation (5.9) as:

P
CFp = ——2PL .CSTyg —max(P,, - foc — Py py,0)-TV +max(P,, p. — P

e
M, pL

1+ fsc,0)-SV

(5.12)
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Considering equations 5.11 and 5.12, the difference between the cash flows relative
to the two different operation strategies can be expressed as:

Py PapL

].CSTNG +PBy (fe =1)-SV —max(PR, - foc =P, ,0)- TV + (5.13)

ACF =CF, -CF; =
Mnre el

+max(P, o —P, - fsc,0)-SV

Thus, the operation strategy with load partialization is more convenient from the
economical point of view than the one with heat dumping if the difference between
cash flows, defined in equation (5.13), is positive. For a given partialization of the
electric power generated by the prime mover, the corresponding thermal power
generated by the prime mover can be expressed as:

Pa.pe =P - TPR (5.14)

where TPR represents the ratio between the thermal power generated at partial load
and the one generated at full load. Consequently, equation (5.13) can be written as:

1 TPR

TTwee  MipL

ACF =P, [ ]-CSTNG +P, - (fse =1)-SV-max(P, - fsc =P, 5 ,0)-TV +

(5.15)
+max(P, o — P, - fsc,0)-SV

Defining the electric power ratio (EPR) as the ratio between the electric power
generated at partial load and the electric power generated at full load, two different
cases can be distinguished: the first one is the case in which:

P

e

while the second one is the case in which:

P fsc <Pyp = fsc <EPR (5.17)

e

For a given electrical load partialization, the electric power ratio and the thermal
one do not assume the same value, due to the different trends that characterize the
electrical and thermal efficiencies of prime mover at different load partialization
levels. Figure 5.16 shows the behavior of the thermal power ratio as a function of
the electric power one.

In the first case, i.e. the case in which the electric power demand relative to the
user is higher than or equal to the electric power generated by the prime mover in
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Figure 5.16. Thermal power ratio vs. electric power ratio.

case of load partialization, equation (5.15) can be rewritten in the following forms:

ACF =P, | 2 TR CST 4P, (foe ~1)-SV (P, - fsc —Pyp )-TV (5.18)
el ThapL
1 TPR

ACF =P, - - :CSTy + P, -(fec =1)-SV+ P, -(EPR- fs. )-TV (5.19)
nre M

Equation (5.19) shows that the difference between the cash flows is equal to the
sum of three contributions. The first one is proportional to the natural gas cost, and
it can be either positive, i.e. favorable to the operation mode with load
partialization, or null. It embodies the disadvantages relative to heat dumping
operation strategy, namely the surplus of gas consumption. As it was to be
expected, this factor tends to zero with the increasing of the thermal power ratio.
The second contribution is proportional to the economic value of the electricity sent
to the external grid. It is null when the fraction of the electric power generated by
the prime mover in the case with heat dumping and self-consumed is equal to 1,
otherwise it is negative and favorable to heat dumping. The third contribution is
proportional to the economic value of the electricity taken from the external grid,
and it can be either negative, namely favorable to heat dumping, or null, since in
this case equation (5.16) holds.
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In the second case, i.e. the case in which the electric power demand relative to
the user is lower than the electric power generated by the prime mover in case of
load partialization, equation (5.15) can be rewritten in the following form:

1 _TPR

1,PL T Pel : fsc ) SV (5-20)

ACF:Pth-( J-CSTNG+Pe,-(fSC -1)-SV +(P,

Mnre  ThnpL

that, after some passages, becomes:

1 TPR

ACF =P, [ ]-CSTNG +P,-(EPR-1)-SV (5.21)

hee ThapL
Thus, in this case, the difference between the cash flows does not depend on the
fraction of electric power self-consumed in the case with heat dumping, and it is
equal to the sum of two contributions. The first contribution is equal to the first one
in equation (5.19). The second one can be either negative and thus favorable to heat
dumping, or null, depending on the value of EPR.

Figure 5.17 shows a graphical representation of the difference between the cash
flow relative to the operation with load partialization and the one with heat dumping
for two hours, as a function of the electrical load partialization and the fraction of
the electricity generated in the case with heat dumping that is self-consumed.

Surface 1\ 6

ACF (€)
“o N A O ®

Figure5.17. Difference between the cash flow relative to the operation with dumping and the one
with load partialization: Surface 1 refers to the case in which the electricity sent to the external
grid is paid at its minimum economic value, while Surface 2 at its maximum economic value.
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For both the considered economic values of the sent electricity, the difference
between cash flows is always positive, except in the case relative to full load
operation in which it is null, and this confirms that the operation strategy with load
partialization is more economically convenient than the one with heat dumping. It
can be also noticed that the difference between the cash flows relative to the
minimum economic value of the sent electricity is always higher than the
corresponding one relative to the maximum economic value of the sent electricity,
except, of course, for the cases in which the fraction of self-consumed electricity is
equal to 1. Indeed, the curve representing the intersection of the two surfaces lies in
the plane fsc=1. Figure 5.17 also shows that, for both surfaces, ACF always
decreases with the increase in the percentage of the electric power ratio, and this
result, that in the present investigation can be extended to any economic value of
the sent electricity, is a consequence of the fact that load partialization is always
more economically convenient than heat dumping.

Furthermore, Figure 5.17 also shows that, as prescribed by equation (5.21), for
both economic values of the sent electricity, the difference between cash flows does
not vary with fsc when the electric power demand relative to the user is lower than
the electric power generated by the prime mover in the case of part-load operation.
On the other hand, when the electric power demand relative to the user is higher
than the electric power generated by the prime mover in the case of load
partialization, for each value of EPR (and TPR), its behavior, at different fsc,
depends on the economic values of the sent and taken electricity, as it is prescribed
by equation (5.19). In particular, the difference of cash flows increases with the
increase of fsc when the economic value of the sent electricity is higher than the one
of the electricity taken from the grid, meaning that, in this case, the higher is the
fraction of self-consumed electricity, the higher is the economic convenience of
load partialization with respect to heat dumping. Conversely, when the economic
value of the sent electricity is lower than the one of the electricity taken from the
grid, as always verifies in the present investigation, the difference of cash flows
decreases with the increase of fsc.

Finally, it has to be considered that, when the economic value of the electricity
sent to the external grid is close to or equal to its maximum value, the difference of
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cash flows between the operation with load partialization and the one with heat
dumping is low as compared to the values of cash flows of both operation strategies
(lower than 12%). In this conditions, that can verify in on-peak hours, and that
represent the typical conditions in which residential cogenerators can maximize the
economic value of the generated electricity, heat dumping could be more
economically convenient than load partialization if prime movers fed with a cheaper
fuel than natural gas are used, like for example a gas from gasification. Moreover,
heat dumping could be more economically convenient in countries where there is a
lower ratio between the natural gas price and the electricity price than the one in
Italy. In such circumstances, a hybrid strategy could represent the most effective
choice from the economic point of view.

5.5.3. Global and local pollutants emission

The annual global emissions of CO,, and the annual local emissions of NOx and
CO, relative to the analyzed CHP system operating according to the two considered
operation strategies, and evaluated by means of the approach described in Section
5.4.2, are reported in Figures 5.18, 5.19 and 5.20, respectively. In Figure 5.18, the
annual global CO, emissions relative to the CHP system include the emissions
relative to the prime mover, the auxiliary boiler and those relative to the electricity
taken from the grid over the entire year, including the six months in which the
prime mover is inactive. Differently, in Figures 5.19 and 5.20, which report annual
emissions on a local scale, the emissions relative to the electricity taken from the
grid are not included in CHP system ones, as it is produced by centralized power
plants that are usually located far away from residential districts. Table 5.5 reports
the annual emissions in case the annual heat and electricity demands of the user are
covered by means of separate generation.

Figure 5.18 shows that the annual global CO, emissions of the CHP system
relative to the analyzed configurations assume similar values, and that they are all
lower than the ones due to the separate generation, and this important result is yet
another demonstration of the effectiveness of cogeneration as a mean for reducing
the annual CO, emissions, that are one of the main responsible of the greenhouse
effect in the Earth atmosphere.
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Relatively to the annual local NOyx emissions of the CHP system shown in
Figure 5.19, for each of the TES systems size, the two different operation strategies
present about the same emission levels. Furthermore, in all cases, the annual local
NOx emissions of the CHP system are well below the ones due to separate
generation, with a reduction of about 50% if the NOyx emissions in separate
generation are compared with the ones relative to the best configurations of the
CHP system, namely the ones relative to the cases with EHrgs max €qual to 1. This
result is due to the very low emission factors characterizing the gas turbine
considered as prime mover, even at part-load operation, as compared to the ones
relative to separate generation.

Finally, Figure 5.20 shows the big difference between the two different
operation strategies as regards the annual local CO emissions. The operation
strategy allowing partial-load operation presents, in general, annual local CO
emissions that are much higher than the ones relative to the operation strategy with
heat dumping, these last being, in general, even slightly lower than the ones relative
to separate generation. Furthermore, by comparing the CO annual local emissions
relative to the assumed best configuration in case of load partialization, i.e. the ones
with EHresmax €qual to 1, with the ones relative to separate generation, the
operation strategy with load partialization produces about three times the emissions
produced in the case of separate generation.

5
4210 -
HrM
Mlitaken el.
3.5 1AaB
c)
= 3 I
[ol
o
5 25 |
c
o
w
£ 2 |
7
w
8 15 |
(=]
E
E 1 |
<
05 |
o _PLD PL D PL D PL D PL D PL D
EHrcsmax™ O 0.25 05 1 2 4

Figure 5.18. Annual global emission of CO,.
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These results poses a serious concern, and suggests that a dedicated analysis
should be done in order to select adequate installation locations and exhaust
systems for such residential CHP systems operating with load partialization, as CO

emissions can be very dangerous for the human health.
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Figure 5.20. Annual local emission of CO.
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Table 5.5. Annual emissions due to the separate generation of heat and electricity.

Annual global Annual local Annual local

emission of CO, (kg) emission of NOx (kg)  emission of CO (kg)

3.7e+05 143.8 22.7
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Conclusions

Chapter 6. Conclusions

This thesis focuses on the optimal operation of cogeneration systems based on
heat-driven operation modes. In detail, a novel approach for improving the
operation of residential micro-Combined Heat and Power (CHP) systems from the
economical point of view is proposed, based on the possibility to operate the prime
movers of the CHP systems also when a heat dumping occurs.

The influence of such operation strategy with heat dumping is evaluated on the
optimized operation of four residential micro-CHP systems, each composed of a
prime mover generating electricity and heat, a thermal energy storage system, and
an auxiliary boiler. The micro-CHP systems differ from one another on the prime
mover technology, whereas the same multi-apartment housing located in ltaly is
considered as user. Four natural gas fuelled commercial prime mover are
considered, or rather two internal combustion engines, and two microturbines,
characterized by different electric and thermal powers. For each micro-CHP system,
the novel operation strategy with heat dumping, and a classical full-load operation
strategy without heat dumping are considered and implemented by means of a
home-made numerical code developed in Matlab environment, and for both cases,
the economic optimization of the prime movers operation is performed using the
patternsearch algorithm. The effects on the optimization results of the variation of
the thermal energy storage system maximum capacity are also investigated. Results
demonstrate that a relatively low heat dumping allows a huge increase in the prime
mover total operation hours at low storage sizes, with respect to the corresponding
cases without heat dumping, and then by comparing the best configurations relative
to the cases with heat dumping to the best ones relative to the cases without it, heat
dumping involves a considerable reduction of the thermal energy storage size.

The effects on the CHP systems operation of the variation of the auxiliary boiler
efficiency are also analyzed, considering two different values for the auxiliary
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boiler efficiency, namely 0.8 and 0.95. Results show that, for both operation
strategies, only the prime movers with higher power are sensitive to the cost
reduction of heat in separate generation due to the use of high efficiency boilers. In
this case, for all thermal storage sizes, the prime movers present lower operation
hours than the corresponding ones relative to the use of conventional boilers.

The evaluation of the environmental impact due to both CHP systems operation
strategies, and to both the separate generation systems is performed by means of a
model based on emission factors. Results show that all the micro-CHP systems
permit a remarkable reduction of annual CO, emission on global scale, and at the
same time they involve a very marked augmentation of dangerous annual CO on
local scale. The micro-CHP systems with microturbines as prime mover allow a
reduction of the annual local NOx emissions, especially in the case in which the
microturbines operate according to the novel operation strategy. Results also show
that, if the best configurations from the economical point of view are compared, the
effects of heat dumping on micro-CHP systems pollutants emission are negligible
with respect to the ones obtained when the strategy without heat dumping is
considered.

The dynamic simulation of a residential micro-CHP system operating according
to the heat dumping and no-dumping full-load operation strategies is presented. In
detail, the dynamic simulation of two optimized cases, one for each operation
strategy, that present nearly the same operation hours and economic savings is
carried out by using the commercial software TRNSYS 17, and the choice of the
two configurations is made by considering a compromise between the economic
savings and the size of the storage tank. Results, in terms of comparison between
the most representing temperatures obtained from the dynamic simulation of the
two cases, demonstrate the equivalence between the two configurations, and the
effectiveness of the novel operation strategy.

The novel approach effects are also compared to the ones obtained when CHP
systems operate according to a classical heat-driven operation strategy with load
partialization. The two operation strategies are implemented in a home-made
numerical code written in Matlab, and the economic optimization of the prime
mover operation is performed by means of the patternsearch algorithm. Economic
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results show that the difference between the best CHP system configuration in the
case with heat dumping and the one relative to the case with load partialization is
minimal, with the latter presenting a slightly higher economic performance.
Nevertheless, the economic analysis also shows that, for the considered application,
heat dumping could yield higher economic performances than load partialization in
on-peak hours, namely when the export price of the electric power is relatively
high, in case a fuel cheaper than natural gas is used, for example a gas from
gasification. Moreover, the economic results show that heat dumping could yield
higher economic performances than load partialization in countries where there is a
lower ratio between the natural gas price and the electricity price than the one in
Italy. The environmental impact of both operation strategies is evaluated. Results
show that both operation strategies permit a remarkable reduction of annual CO,
emissions on global scale and of the NOx emissions on local scale. As concerns CO
emissions on local scale, results show that the impact of load partialization is much
higher, with values that can be up three times the ones relative to conventional
systems for separate generation.

In conclusion, the innovative operation strategy, presented in this thesis, may
represent, in general, a good alternative choice to traditional operational strategies
used in the field of cogeneration. In detail, the possibility offered by this approach,
to halve the size of the thermal energy storage tanks, having equal economic
savings with respect to a typical full-load operation strategy without heat dumping,
makes it very interesting in residential contexts, in which the encumbrance issues
can be very pressing and limiting. Moreover, such a strategy allows, in some cases,
to significantly reduce certain pollutants emission on local scale, becoming,
therefore, more environmental-friendly than the other analyzed strategies. The
dynamic simulation has demonstrated the practical feasibility of such approach, for
that, remaining issues, which will be object of future works, are relative to the
experimental validation of such new presented approach, for the implementation of
which an experimental prototype in laboratory scale will be realized.
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