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ABSTRACT

Combined Cooling Heat and Power Generation (CCHP) or trigeneration has been considered
worldwide as a suitable alternative to traditional energy systems in terms of significant energy saving
and environmental conservation. A renewable energy resource-fueled CCHP would deliver even
more environmental benefits than a fossil fuel-driven system. Solar is one of the renewable energy
resources that plays an important role to the world primary energy supplies and can be used to fuel
CCHP systems. In particular, solar driven microscale CCHP (1-10 kW¢) which is suitable for building
applications has been yet commercialized or demonstrated. The development and evaluation of a solar
driven micro-CCHP system based on a ORC cogenerator and an Adsorption Chiller (AC)
experimental prototypes has been the focus of this PhD research.

The specific objectives of the overall project are:

« To design, construct and evaluate an innovative Adsorption Chiller in order to improve the
performance of the AC subsection.

« Tothermodynamically model the proposed micro-scale solar driven CHP system and to prove
that the concept of trigeneration through solar energy combined with an organic Rankine
turbine cycle (ORC) and an adsorption chiller (AC) is suitable for residential applications.

Following the introduction of relevant background of this research, Chapter 1 describes the
International, European, and Italian regulatory framework respectively to outline the context the study
has been carried out in.

Chapter 2 presents the state of the art in the literature of these systems. In particular, two innovative
technologies are studied in depth: absorption machines and low temperature ORC systems. Both have
to reach technological maturity, be studied and optimized. The study of these systems, coupled
together in a CCHP configuration, was carried out following two parallel paths.

Chapter 3 describes the development of an innovative two bed solid adsorption chiller. The
particularity of this proposal mainly concerns the materials used for the adsorbent bed and the
management system, described later in detail.

In Chapter 4, the micro-scale solar CCHP system conceived for the residential sector has been
investigated by means of a dynamic model in TRNSYS. In particular, the system is composed of a
60 m? flat plate solar thermal collectors’ field, a 10 kW. photovoltaic plant, a 2 m® Thermal Energy
Storage (TES), a 3 kW, micro-Organic Rankine Cycle (micro-ORC) prototype, a 4.4 kW, thermally
driven Adsorption Chiller (AC) coupled with a 6 kW, auxiliary Heat Pump (HP). The dynamic
performances of the considered system have been evaluated with respect to a real “nearly zero energy
building” (NZEB) located in three different cities representative of the Italian climatic zones:
Messina, Rome and Milan.

The energy, environmental and economic performances of the proposed system are presented as
results in Chapter 5 and compared with those achieved by the reference system based on separated
energy production.

The conclusions, discussed in Chapter 6, highlights the potential of solar driven micro-CCHP systems
for residential applications, and their characteristics; moreover, the proposed model can be adopted
as a tool for the design and the verify the feasibility of similar systems by redefining the different
subsystems according to the desired technology.



1. REGULATORY FRAMEWORK
1.1. Global energy trends

In the last years, the increasing global energy demand and, thus, the energy-related environment
pollution, has led to looking for new strategies in several sectors including manufacturing, transports,
buildings, services. Energy efficiency plays an essential role in accelerating clean energy transitions
and achieving global climate and sustainability goals.

According the Global CO2 emissions from energy combustion and industrial processes [1] rebounded
in 2021 to reach their highest ever annual level. A 6% increase from 2020 pushed emissions to 36.3
gigatons (Gt), an estimate based on the IEA’s detailed region-by-region and fuel-by-fuel analysis,
drawing on the latest official national data and publicly available energy, economic and weather data.
The Covid-19 pandemic had far-reaching impacts on energy demand in 2020, reducing global CO>
emissions by 5.1%, as showed in Figure 1. However, the world has experienced an extremely rapid
economic recovery since then, driven by unprecedented fiscal and monetary stimulus and a fast —
although uneven — roll-out of vaccines. The recovery of energy demand in 2021 was compounded by
adverse weather and energy market conditions, which led to more coal being burnt despite renewable
power generation registering its largest ever annual growth. Emissions increased by over 2.0 Gt from
2020 levels. This puts 2021 above 2010 as the largest ever year-on-year increase in energy-related
CO:2 emissions in absolute terms. The rebound in 2021 more than reversed the pandemic-induced
decline in emissions of close to 1.9 Gt experienced in 2020. CO2 emissions in 2021 rose to around
180 megatons (Mt) above the pre-pandemic level of 2019.
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Figure 1 Total CO: emissions from energy combustion and industrial processes and their annual change, 1900-

2021 [1]

Global energy demand is expected to increase by about 4% in the next years, returning to pre-
pandemic levels as economic activity rebounds. The previous year was one of the worst ever for
efficiency improvement, as energy demand and prices fell, technical efficiency enhancements slowed
and the balance of economic activity shifted away from less energy-intensive services, such as
hospitality and tourism. With disruptions due to Covid-19 shaping global energy and economic trends
in 2020 and 2021, it is still unclear whether this year’s improved energy intensity will signal the start
of a sustained recovery. However, increased investment trends, rising government spending on
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efficiency - in large part related to recovery plans enacted in response to Covid-19 crisis, new
announcements of higher climate ambition and other policy measures offer some encouraging signals

2].

5%

4%

3%

. I I .I
- ]

2011-2016 2017 2018 2019 2020 2021E Net Zero
Scenario
2020-2030

Energy intensity improvement

Figure 2 Primary energy intensity improvement, 2011-2021

The economic recovery in China appears to be particularly energy intensive. The China’s Global
energy intensity (GDP) between 2019 and 2021 improved by an average of only 1% annually,
compared with 1.2% between 2008 and 2010 when China enacted huge economic stimulus, and an
average improvement rate of 3.7% from 2010 to 2019. China’s energy intensity in 2021 was impacted
primarily by evolutions in the electricity sector. With rapid GDP growth and additional electrification
of energy services, electricity demand in China grew by 10% in 2021, faster than economic growth
at 8.4%. The increase in demand of almost 700 TWh was the largest ever experienced in China. With
demand growth outstripping the increase of low emissions supply, coal was called on to fill 56% of
the rise in electricity demand. This was despite the country also seeing its largest ever increase in
renewable power output in 2021. Electricity generation from renewables in China neared 2500 TWh
in 2021, accounting for 28% of total generation in the country. CO, emissions in India rebounded
strongly in 2021 to rise 80 Mt above 2019 levels, led by growth in coal use for electricity generation.
Coal-fired generation reached an all-time high in India, jumping 13% above the level in 2020 when
coal generation had declined by 3.7%. This was in part because the growth of renewables slowed to
one-third of its average rate of the previous five years.

Emerging economies Advanced economies

Gt CO2

rr—rrrrrrrrrrrr o1 rrrrrrrrrrrrrr Tl

2000 2005 2010 2015 2021 2000 2005 2010 2015 2021

= China India - |Jnited States = European Union Japan

Figure 3 COz emissions in selected emerging and advanced economies, 2000-2021 [1]
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Global economic output in advanced economies recovered to pre-pandemic levels in 2021, but CO>
emissions rebounded less sharply, signaling a more permanent trajectory of structural decline. CO>
emissions in the United States in 2021 were 4% below their 2019 level. In the European Union, they
were 2.4% lower. In Japan, emissions dropped by 3.7% in 2020 and rebounded by less than 1% in
2021. Across advanced economies overall, structural changes such as increased uptake of renewables,
electrification and energy efficiency improvements avoided an additional 100 Mt of CO> emissions
in 2021 compared with 2020.

Dividing the total emissions into the related sources, Coal accounted for over 40% of the overall
growth in global CO2 emissions in 2021, as showed in Figure 4. Coal emissions now stand at an all-
time high of 15.3 Gt, surpassing their previous peak (seen in 2014) by almost 200 Mt. CO2 emissions
from natural gas also rebounded well above 2019 levels to 7.5 Gt, as demand increased in all sectors.
At 10.7 Gt, emissions from oil remained significantly below pre-pandemic levels because of the
limited recovery in global transport activity in 2021.

Coal-fired power plants were called upon to meet half of the increase in global electricity demand in
2021, with coal’s share of total generation rebounding above 36%. CO2 emissions from coal power
plants rose to a record 10.5 Gt, which is 800 Mt above their 2020 level and more than 200 Mt above
their previous peak in 2018. Without supply constraints and high prices that affected China and India
during certain periods of the year, global coal use for electricity generation in 2021 would have been
even higher.

~ 18
@] I Non-renewable
L)
& 16 waste
14 . . Oil
12 Natural gas
10 I Coal
8 - Generation share
6 . (right axis):
Coal
4 .
2 . | OW EMmissions
2000 2005 2010 2015 2021

Figure 4 CO2 emissions from electricity and heat production by fuel, and share by fuel, 2000-2021 [1]

The biggest increase in CO2 emissions by sector in 2021 took place in electricity and heat production,
where they jumped by more than 900 Mt. This accounted for 46% of the global increase in emissions
since the use of all fossil fuels increased to help meet electricity demand growth. CO2 emissions from
the sector neared 14.6 Gt, their highest-ever level and around 500 Mt higher than in 2019. China
accounted for almost all of the global increase in electricity and heat sector emissions between 2019
and 2021. A small decline from the rest of the world was insufficient to offset the increase in China.
Global CO; emissions from the buildings and industry sectors rebounded back to their 2019 levels,
driven by increases in both advanced economies and emerging market and developing economies.
China was the notable exception, with lower coal use in industry pushing CO> emissions from the
industry sector below their 2019 level for the second year in a row. Transport was the only sector in
which global CO2 emissions remained well below 2019 levels.
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The transport sector as a whole accounted for the highest share of final energy consumption in 2018
(35%), followed by the manufacturing industry (24%) and the residential sector (20%) as described
in Figure 6 [3].

Residential space heating

Services

Residential
@ sector: 20% [N

Passenger cars

Chemicals

Figure 6 Largest end-uses of energy by sector in selected IEA countries, 2018 [1]

In particular, in the residential sector, energy efficiency improvements for space heating have
occurred across IEA countries, mostly due to better insulation of buildings, refurbishment of old
buildings, and improvements in heating equipment. The effects are tracked by trends in residential
space heating intensity — defined as energy consumption per floor area — which significantly
decreased in most IEA countries. As described in Figure 7, space heating accounted for more than
half of the IEA energy consumption in the residential sector, with the highest shares in European
countries (73% in Belgium and 72% in Hungary) and typically the lowest shares in Asia and Oceania
(Japan 26% and New Zealand 30%).
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Figure 7 Shares of residential energy consumption by end use in selected IFA countries, 2018 [1]

Warmer countries generally have lower space heating intensities, as less energy is needed on average
to keep the indoor temperature at a comfort level.

Furthermore, energy demand about the air conditioning has been assessed as the 65% of residential
sector requirements [4].

In this context, the report "Climate Change 2022", the Intergovernmental Panel on Climate Change
(IPCC) stressed that to contain the increase in warming within the limit of 2°C, beyond which the
risks of a collapse ecosystems are very high, greenhouse gas emissions reductions of the order of 60-
80% must be implemented within the century. This means that extending the current energy structure
into the future, with the foreseeable increases in demands and emissions, is simply not compatible
with the future of the planet and, only through the adoption of adequate technical solutions supported
by adequate political decisions, can it be reversed the current trend and ensure sustainable
development [5].

In 2020, the IEA and the COP26 presidency launched the COP26 Product Efficiency Call to Action
to help countries raise ambition more quickly, more easily and at a lower cost. G7 leaders endorsed
the Call to Action at the 2021 Summit in Cornwall. The objectives of the Call to Action are to:

e Set countries on a trajectory to double the efficiency of key products sold globally by 2030 —
industrial motors systems, general lighting service lamps, residential air conditioners and
residential refrigerators/freezers.

e Support the delivery of national climate change targets.

e Provide consumers and businesses with more efficient products that are affordable and cost-
effective to own and operate.

e Stimulate innovation and provide businesses with export opportunities.

e Promote a dual course of action making products both energy efficient and climate-friendly
by reducing the use of refrigerants in cooling appliances.
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1.2. European policies

In Europe, the goal is to achieve climate neutrality in the EU by 2050, including the intermediate
target of at least a 55% net reduction in greenhouse gas emissions by 2030 by adopting a series of
legislative proposals. In particular, the application of EU Directives on energy efficiency has
significantly improved the energy performance of new constructions with the concept of Zero Energy
Building (ZEB).

The building sector is crucial for achieving the EU's energy and environmental goals. At the same
time, better and more energy efficient buildings will improve the quality of citizens' life and alleviate
energy poverty while bringing additional benefits, such as health and better indoor comfort levels,
green jobs, to the economy and the society.

To boost the energy performance of buildings, the EU has established a legislative framework that
includes the Energy Performance of Buildings Directive 2010/31/EU [6] and the Energy Efficiency
Directive 2012/27/EU [7].

Together, the directives promote policies that will help to:

e achieve a highly energy efficient and decarbonised building stock by 2050.
e create a stable environment for investment decisions.
e enable consumers and businesses to make more informed choices to save energy and money.

Following the introduction of energy performance rules in national building codes, buildings consume
only half as much today, compared to typical buildings from the 1980s.
Both directives were amended in 2018 and 2019, as part of the Clean energy for all Europeans
package [8]. The agreement on this new energy rulebook marked a significant step towards
implementing the energy union strategy, published in 2015. Based on Commission proposals
published in 2016, the package consists of 8 new laws. Following political agreement by the EU
Council and the European Parliament (finalised in May 2019) and the entry into force of the different
EU rules, EU countries have 1-2 years to convert the new directives into national law.
The new rules will bring considerable benefits for consumers, the environment, and for the economy.
By coordinating these changes at the EU level, the legislation also underlines EU leadership in
tackling global warming and makes an important contribution to the EU’s long-term strategy of
achieving carbon neutrality (net-zero emissions) by 2050.
The Directive amending the Energy Performance of Buildings Directive (2018/844/EU) [9]
introduced new elements and sent a strong political signal on the EU’s commitment to modernise the
buildings sector in light of technological improvements and to increase building renovations.
The main rationale for Directive (EU) 2018/844 on the energy performance of buildings has
been tapping the potential for decarbonization that the EU building stock offers: as the European
Commission web page on buildings points out, approximately 40% of energy consumption and 36%
of CO2 emissions in the EU originate from buildings. However, a few provisions of the new Directive
have a direct bearing on the adaptation of the energy sector. The new Directive reinforces the policy
framework on energy efficiency so far set by the Energy Efficiency Directive of 2012 (EED) and by
the Energy Performance of Buildings Directive of 2010 (EPBD). The main developments brought
about by the amendment are, according to the cited website:

e The obligation for EU countries to establish stronger long-term renovation strategies.

e A common European scheme for rating the smart readiness of buildings.

e The further promotion of smart technologies, including on devices that regulate temperature

at room level.
e The support of e-mobility through minimum requirements for large buildings’ car parks and
for smaller buildings.
« the obligation of cross-national comparability of national energy performance requirements.
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« the promotion of health and well-being of building users.

In October 2020, the Commission presented its Renovation wave strategy [10], as part of the
European Green Deal [11]. It contains an action plan with concrete regulatory, financing and enabling
measures to boost building renovation. Its objective is to at least double the annual energy renovation
rate of buildings by 2030 and to foster deep renovation. A revision of the Energy Performance of
Buildings Directive is one of its key initiatives.
In December 2021, the Commission proposed a revision of the Directive [12]. It upgrades the existing
regulatory framework to reflect higher ambitions and more pressing needs in climate and social
action, while providing EU countries with the flexibility needed to take into account the differences
in the building stock across Europe.
It also sets out how Europe can achieve a zero-emission and fully decarbonized building stock by
2050. The proposed measures will increase the rate of renovation, particularly for the worst-
performing buildings in each country. The revised directive will modernize the building stock,
making it more resilient and accessible. It will also support better air quality, the digitalization of
energy systems for buildings and the roll-out of infrastructure for sustainable mobility. Crucially, the
revised directive facilitates more targeted financing to investments in the building sector,
complementing other EU instruments supporting vulnerable consumers and fighting energy poverty.
To make sure that buildings are fit for the enhanced climate ambition, as presented in the 2030
Climate Target Plan, the Commission’s new proposal aims to contribute to reaching the target of at
least -60% emission reductions by 2030 in the building sector in comparison to 2015 and achieve
climate neutrality by 2050. It will work hand in hand with other initiatives of the European Green
Deal package, in particular with the review of the proposed new emissions trading system for fuels
used in buildings, the Energy Efficiency Directive, the Renewable Energy Directive, as well as the
Alternative Fuels Infrastructure Regulation.
The main measures in the new proposal are:
e the gradual introduction of minimum energy performance standards to trigger renovation of
the worst-performing buildings.
e a new standard for new buildings and a more ambitious vision for buildings to be zero-
emission.
e enhanced long-term renovation strategies, to be renamed national Building Renovation Plans
e increased reliability, quality and digitalization of Energy Performance Certificates; with
energy performance classes to be based on common criteria.
e adefinition of deep renovation and the introduction of building renovation passports
e modernization of buildings and their systems, and better energy system integration (for
heating, cooling, ventilation, charging of electric vehicles, renewable energy)

The proposed revision of the directive is now being considered by the Council and the European
Parliament. EU countries must for example establish strong long-term renovation strategies, aiming
at decarbonising the national building stocks by 2050, with indicative milestones for 2030, 2040 and
2050. The strategies should contribute to achieving the national energy and climate plans (NECPs)
energy efficiency targets.

The directive also requires that EU countries set cost-optimal minimum energy performance
requirements for new buildings, for existing buildings undergoing major renovation, and for the
replacement or retrofit of building elements like heating and cooling systems, roofs and walls.

As of 2021, all new buildings must be nearly zero-energy buildings (NZEB) and since 2019, all new
public buildings should be NZEB.

Net or nearly zero energy buildings (NZEB) are highly efficient buildings with extremely low energy
demand, which is met by renewable energy sources. Such buildings produce as much energy as they
consume, accounted for annually. In order to achieve their net zero energy goals, NZEBs must first
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sharply reduce energy demand using energy efficient technologies, and then utilize renewable energy
sources (RES) to meet the residual demand. In such buildings, efficiency gains enable the balance of
energy needs to be supplied with renewable energy technologies. This is the most logical approach
to reach NZEB goal.

However, this broad definition leaves plenty of room for interpretations and for misunderstandings
among owners, architects, and other stakeholders in the NZEB project. Agreeing to a common
definition of NZEB boundaries and metrics is essential to developing design goals and strategies.

About another of the other statements of the Directive, when a building is sold or rented, energy
performance certificates must be issued and inspection schemes for heating and air conditioning
systems must be established.

The directive supports electro-mobility by introducing minimum requirements for car parks over a
certain size and other minimum infrastructure for smaller buildings.

There is also an optional European scheme for rating the smart readiness of buildings and smart
technologies are promoted. The directive introduced requirements on the installation of building
automation and control systems, and on devices that regulate temperature at room level. It addresses
health and well-being of building users, for instance through the consideration of air quality and
ventilation [13]. EU countries must also draw up lists of national financial measures to improve the
energy efficiency of buildings.

1.3. The Italian situation

Italy has aligned itself with this policy starting with Legislative Decree no. 192 of 19 August 2005
[14] (Implementation of Directive 2002/91/EC relating to energy performance in buildings), as
integrated and amended by Legislative Decree 311/2006 [15] and made operational, in its main
aspects, by the Decree of the President of the Italian Republic 59/2009 [16] and by the Inter-
Ministerial Decree of 26 June 2009 (containing the National Guidelines for the Energy Certification
of buildings) [17].
The publication of "Urgent provisions for the transposition of Directive 2010/31/EU of the European
Parliament and the Council of 19 May 2010, on the energy performance of buildings for the definition
of infringement procedures initiated by the European Commission, as well as other provisions on
social cohesion”, in the Official Gazette of 3 August 2013, is the last official act of the Italian
legislative process on the subject of redevelopment and energy efficiency of the Italian public and
private real estate assets. Result of the need to avoid an aggravation of the infringement procedure
against Italy, due to the failure to transpose Directive 2010/31/EU, Law no. 90/2013 involved a
structural evolution of the Italian legislation on energy performance, since once the implementing
decrees have been issued, the methodology for calculating the energy performance of buildings, the
minimum requirements and the areas of intervention will change [18].
In particular, starting from 31 December 2018, new buildings occupied by public administrations and
owned by the latter, and from 1 January 2021 all new buildings, including school buildings, must be
almost zero energy buildings (nZEB).
In Italy institutions also provide incentives to promote cogeneration and trigeneration to achieve the
following objectives:

¢ areduction of environmental impact due to lower emissions and residual heat released into

the environment (lower thermal pollution and atmospheric pollution);
e |lower transmission and distribution losses for the electrical national system due to the location
of the production system close to users or self-consumption of the produced energy;
o replacement of less efficient and more polluting technologies.
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To benefit from these economic incentives, some characteristics are required. There are two types of
incentives regarding energy efficiency:

- “Cogenerazione ad Alto Rendemento’” (CAR): incentives for high efficiency cogeneration [19];

- “Titoli di efficienza energetica’’ (TEE) or “Certificati Bianchi’’ (CB): denote how many tons of
equivalent oil (toe) are saved, thanks to determined intervention, done to make more efficient
the energy production process [20].

In Directive of February 11, 2004 of the European Parliament and of the Council n. 2004/8/CE: the
UE prefixed the goal to increase the energetic efficiency and enhance the security of fuel supply, in
the internal market, of the “Cogenerazione ad Alto Rendimento’’[21]. This directive defines the
concept of useful heat. The Legislative Decree No. 20 of February 8, 2007, which took effect on
January 1, 2011, implemented the directive in Italy. The criteria used to determine CAR is based on
PES (Primary Energy Saving), which represents the primary energy savings that cogeneration makes
possible compared to producing the same amount of electric and thermal energy separately.

The Decree of the Ministry of Economic Development of August 4, 2011 completes the directive
2004/8/CE and legislative decree 8 February 2007. The aforementioned decree explains how to grade
a unit's operation as CAR. It specifies, based on the type of technology and the annual first principle
efficiency, when the production of electric energy from combined production can be considered
wholly from cogeneration. If the production unit exhibits a first principle efficiency below the
threshold values, it defines a way to divide the electrical energy produced in two portions, of which
one can be quantified as cogeneration. The order continues by saying that the PES index is used to
identify CAR systems. The PES must be greater than 10%; however, for small or micro cogeneration
units (i.e., those with power below 1MW and 50kW, respectively), a positive PES is sufficient.

The requirements and procedures to enter the cogeneration support program are established by the
Decree of the Ministry of Economic Development dated September 5, 2011. According to this
regulation, new or renovated cogeneration units are eligible to receive 1l type "Titoli di Efficienza
Energetica” (or "Certificati Bianchi") certificates in proportion to the amount of energy savings
realized for each year that they meet the CAR standards (RISP). According to Article 4 of the
Ministerial Decree of September 5, 2011, a producer's annual entitlement to "Certificati Bianchi" is
determined. Subsequently, with the Guidelines of the Decree of the Ministry of Development
Economic September 5, 2011 the calculation method of the relevant quantities for the purposes of
CAR recognition and the access mechanism of “Certificati Bianchi’” has been simplified.

The Decree of the Ministry of Economic Development March 16, 2017, finally applied to high
efficiency micro-cogeneration units and to micro-cogeneration units fueled by renewables sources.
The current regulation aims to reduce producers' burdens and standardize information sharing
between municipalities, network operators, and GSE about the implementation, connection, and
operation of these kinds of systems.
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2.CHP - CCHP SYSTEMS LITERATURE REVIEW

2.1. Combined Heating and Power systems (CHP)

The working principle of a Combined Heat and Power (CHP) system, which is also called
“cogeneration”, is basically the use of a heat engine or a power station to sequentially or
simultaneously generate both electricity and useful heat. CHP is a well-developed concept which can
date back to the 1880s, when steam was a primary source of energy in industry and electricity was
beginning to be used. On-site industrial power plants with cogeneration of power and heat were the
main power systems in the early 19th. Then the development of large central power plants with higher
efficiency and reliable utility grids, together with the low fuel costs and advances in technology, drove
the electricity prices down and contributed to the decline of cogeneration. However, over the past
decades, the increases in the world fossil energy price, the uncertainty with the fuel supplies, the
deteriorating environment and the predicted global climate change have become serious problems,
and this results in CHP gaining attention again because of its potentials for fuel savings and low GHG
emissions. Today, CHP represents a series of proven, reliable, and cost-effective technologies that
are already making an important contribution to meeting global heat and electricity demands. Due to
the enhanced energy supply efficiency and utilization of waste heat and low-carbon renewable energy
resources, CHP, particularly together with district heating and cooling (DHC), is an important part of
national and regional GHG emissions reductions strategies [22].

The overall efficiency of electricity generation has been improved over time, but the transition from
primary energy such as fossil, biomass or nuclear fuels to electricity is still an inefficient process.
According to the Second Law of Thermodynamics, thermal power systems inevitably reject heat into
the environment and the thermal efficiency of a heat engine cannot be 100%. In fact, the maximum
thermal efficiency of any heat engine cycle is the efficiency of a reversible Carnot heat engine [23],
expressed in (1):

TL

Nearnot = 1 — E (1)
Where T is the maximum temperature available (e.g. the metallurgical limit) and Ty is the lowest
temperature available (e.g. cooling water temperature for the condenser of a steam-Rankine cycle-
based power plant). Further, the power generation efficiency of most engines and power plants are
much lower than the potential maximum efficiency. For instance, the power generation efficiency of
gas turbines varies from 20% to about 40%, which indicates 60% to 80% of the heat supplied into
gas turbines via burning of fuels is wasted. While some modem power plants can achieve nearly 60%
power generation efficiency, most operate closer to 30% and smaller or older units may reach only
20% [24]. Putting these percentages in another way, about 40% to 80% of all the primary energy
input is always wasted with any power generation unit. Figure 8 shows that about 63 % of the thermal
input is wasted in the global electricity generation system [25]. The wasted energy from power plant
emerges as heat and is dumped in different ways. Sometimes it ends up in cooling water, but most
often it is dissipated into the atmosphere. This waste heat can be considered not only a large account
of energy lost but also a form of pollution.
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With the CHP technology, most of this considerable amount of low-grade waste heat from an
electricity generation process will not be wasted. Although the waste heat energy cannot be used to
generate electricity, it can be used to produce hot water or for space heating or cooling. In this way,
the waste heat from power generation replaces a high-grade energy resource such as gas, oil or even
electricity that is used to generate thermal energy needed for hot water, space heating or cooling.
Therefore, cogeneration represents a significant improvement in overall energy efficiency compared
with conventional power generation plants. CHP systems can operate with an energy efficiency of up
to 90%, leading to a major saving in fuel costs and a significant reduction in greenhouse gas emissions
and other environmental pollutants.

CHP systems also reduce network and transport losses because they are mostly sited near the end
users. The efficiencies of CHP systems may vary to some extent, mainly depending on the design of
the systems, technologies, and fuel sources. Figure 9 compares the overall efficiencies of an example
CHP system and a conventional “separate heat and power" generation scheme. It illustrates the
potential efficiency gains of a typical CHP system:

e to produce 80 units of useful energy, the conventional generation with separate heat and power
systems uses 130 units of energy which consists of 75 units of energy for electricity production
with a highly efficient gas power plant (48% efficiency) and 55 units of energy to produce
heat by an efficient gas boiler (80% efficiency), resulting in an overall efficiency of 60% and
75 units of energy loss.

e however, the CHP system needs only 100 units of energy to produce the same 80 units of
useful energy from a single fuel source, resulting in a total system efficiency of 80% and an
energy loss of 20 units which is less than half of the energy loss of the conventional separate
power and heat generation.

While the benefits of CHP are widely recognized, the implementation of CHP remains low. Despite
the existence of various energy policies such as EU Cogeneration Directive 2004/8/EC [21] which
promoted CHP in Europe, the United States, Japan and other countries, the share of CHP in global
power generation has remained stagnant for the past several years at around 9% [26].
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A typical CHP system consists of four basic elements:
a prime mover (an engine or a drive system),
an electricity generator,

a heat recovery system,

a management and control system.

Although each of these four elements can have a significant impact on the performance of a CHP
system, the prime mover is the most critical element of a CHP system.

There are several different technologies to convert fuels into useful forms of energy (mostly
electricity and heat) that have been developed and researched for CHP applications. Although quite
a few new technologies appear to be promising, the conversion process based on combustion and
subsequent conversion of heat into mechanical energy, which then drives a generator for electricity
production, is still the dominant technical route. Reciprocating internal combustion engines, steam
turbines and combustion turbines which are based on this technical route are the most widely used
prime movers [27]. New developments with prime movers include those of fuel cells, Stirling engines
and micro-turbines. These CHP technologies has been considered as suitable to operate with
renewable energy resources with an acceptable capital cost in the future [28]. The current CHP
research and development is primarily focused on improving performance, reliability, modular and
smaller units, and lower GHG emissions (for example, using biomass). Although there are several
ways to classify CHP system, such as based on the fuel used or the capacity range, they are generally
classified by the type of the prime mover equipment which in some extent determine possibilities and
availability of other related technologies. The technologies of the following prime movers will be
discussed in this chapter, with specific respect to their ability to run as CHP: steam turbines,
reciprocating engines, gas turbines, micro-turbines, and fuel cells. A synopsis of the major parameters
and performance of these prime movers is shown in Table 1. As the topic of the present PhD research
is the development of a biomass-fired microscale CHP, the discussions below will also focus on the
technologies related to micro-CHPs that are below 50 kWe, where possible.
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Table 1 Different CHP technologies

. Electrical Overall

el Capacity (MW)  otriciency (%) Effciency (%)
Steam turbine  Any combustible 0.5-500 17-35 60-80
RecIprocating  Gaceous & liquid ~ 0.003-10 25-45 65-92

engines

Gas turbine Gaseous 0.25-50+ 25-42 65-87
Micro-turbines = Gaseous & liquid 0.03-0.25 15-30 60-85
Stirling engines  Any combustible 0.003-1.5 30-40 65-85
Fuel cells Gaseous 0.003-3+ 37-50 85-90

Steam turbine-based CHP

Steam turbines are the most common power generation technology used in commercial electric power
plants and industries. Usually, fuel is combusted within a boiler, releasing heat which is used to
generate high-pressure steam. The high-pressure steam is transferred to the steam turbine, driving the
turbine that is coupled with a generator to produce electric power. Because of steam turbine units
have separate heat source and do not directly convert fuel to electric energy, they can operate with
large variety of fuels with suitable combustion devices, from natural gas to solid waste, including all
types of coal, wood, wood waste, and agricultural byproducts. The thermodynamic cycle of steam
turbines is based upon the well-known Rankine cycle. As illustrated in Figure 10, the working liquid
(water) evaporates in the boiler when heated and then expands in the turbine to produce shaft work
[22]. The mechanical energy of the shaft work is turned into electricity with a generator. The exhaust
vapor from the steam turbine passes through a condenser for condensation or a heat exchanger for
heat extraction and then pumped back the boiler to complete the cycle.

Steam

FUEL |::> Boiler |:> POWER

Condenser

I

HEAT OUT

Figure 10 Schematic of a simple Steam Turbine Power Cycle

Depending on the exit pressures of the steam turbines, steam turbines fall into two types: backpressure

turbines and condensing turbines. [29]. A backpressure turbine operates with an exit pressure equal

or higher than atmospheric pressure, whereas a condensing turbine operates with an exit pressure
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lower than atmospheric pressure. Condensing turbines have the advantages of high-power generation
efficiency and being able to change electrical and thermal power independently when in cogeneration
mode of operation. Power generation using steam turbines is one of the oldest power generation
technologies and is still in commercial production. As a matter of fact, conventional steam turbine
power plants currently generate most of the electricity around the world. The capacity of steam
turbines ranges from a few hundred kW for small units to several hundred MW for large power plants.
As steam turbines are more suitable for large-scale power generation, they are widely used for large-
scale and industrial-scale CHP applications. Small-scale steam turbines have relatively low electrical
conversion efficiency, deteriorating rapidly with smaller capacity and therefore they are generally
considered not suitable for micro-CHP applications [30].

Reciprocating internal combustion engines

Reciprocating engines, also called internal combustion engines or endothermic engines, are well-
known for cars and other vehicles. Reciprocating engines can operate on a wide range of liquid and
gaseous fuels but not solid fuels. The reciprocating shaft power can produce either electricity through
a generator or drive loads directly. The reciprocating engine CHP is a conventional internal
combustion engine coupled with generators and heat exchanger to recover the heat of the exhaust gas
and the cooling cycle. As a well-known and widespread technology, reciprocating engines are
available for power generation applications in sizes ranging from a few kW to more than 10 MW and
can be fired on a wide variety of fuels [31]. In addition, reciprocating engines have high power
generation efficiencies even in small sizes, making them suitable for small-scale CHP applications
[22].

Reciprocating IC engines are widely used m small power generating plants because they allow
compact modular systems to suit various application needs. Besides, reciprocating engines are also
well-proven technology that eases maintenance. Driven by economic and environmental pressures,
reciprocating engine technology has improved dramatically with the development of engine research
worldwide and heat recovery technology over the past decades. A typically reciprocating engine CHP
is illustrated in Figure 11. Heat can be recovered not only from the exhaust, but also from the jacket
water and the engine oil, which leads to notable increase of fuel efficiency and reduction of emissions
[32]. There are two basic types of reciprocating engines currently in use: Spark ignition engines and
Compression engines [33]. Spark ignition engines are operated mainly with natural gas as the
preferred fuel, although biogas, gasoline, and landfill gas can also be used. The capacity of spark
ignition engines ranges between 3 kWe and 6 MWe. Compression ignition engines, often called diesel
engines, operate on petroleum diesel and biodiesel as well as other petroleum products such as heavy
fuel oil [34].

Compression ignition engines can also be set up to run in a dual-fuel configuration that bums
primarily natural gas or biogas with a small amount of diesel pilot fuel [32]. Compression ignition
engine CHP presents a higher power-to-heat ratio compared to spark ignition engine CHP, and has a
large range of capacity from a very small size of a few kWe for small systems to a power equivalent
of some tens of MWe for large systems [33].

Although reciprocating engines have been proved to be suitable for numerous cogeneration
applications in residential, commercial, institutional, and small-scale industrial loads, they still have
obvious drawbacks including relatively high vibration noises, a large number of moving parts and
high cost for frequent maintenance. Moreover, compared to other CHP technologies, the relatively
high emissions of reciprocating engines, particularly in nitrogen oxides and particulate matter, need
to be reduced.
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Figure 11 Closed-Loop Heat Recovery System for a Rciprocating IC Engine CHP [22]

Gas turbine-based CHP

Combustion turbines, or gas turbines, have been used for power generation for decades and are now
the frequently used prime movers in larger-scale cogenerations due to their high reliability and large
range of power capacity. Compared with the other two most widely used prime mover technologies
(steam turbines and reciprocating engines), combustion turbines are easier to install with lower capital
costs than steam turbines and have lower costs in maintenance and lower emissions than reciprocating
engines [33].

A gas turbine is an internal combustion engine that operates with rotational motion rather than
reciprocating motion. Observably, a gas turbine is only fueled by a gaseous fuel such as natural gas
or biogas. Gas turbines range in size from 30 kWe (micro turbines) to 250 MWe (large-scale power
plant units) and can be used in a variety of power cycle configurations. CHP operation of a gas turbine
is built up with a simple-cycle gas turbine and a heat recovery. The heat from the turbine exhaust is
recovered and converted into useful thermal energy, mostly in the form of steam or hot water.
However, because of the high temperature of combustion turbine exhaust gases, typically around
540°C, the exhaust gases can be used to support the combustion of additional fuel and this technology
is called supplementary firing, In some cases, high-pressure steam is generated from the recovered
heat of the turbine exhaust and used to generate additional power with a steam turbine, and this can
be called a combined cycle CHP system [22].

Micro turbines are the extension of combustion turbine technology, making the gas turbines smaller
and more efficient units. The capacity of currently available micro turbines can be as low as 30 kWe.
Micro turbines are primarily fueled with natural gas, but now they can operate with wider variety of
fuels, including diesel, gasoline and even biogas [35]. Micro turbine devices have now achieved
almost the same electrical efficiency as internal combustion engines. Additionally, they have
environmental advantages, such as lower emission levels of NOx and CO and less noise over an
engine of comparable size.

The basic components of a micro turbine CHP are shown in Figure 12 in its versions without or with
internal heat recuperation. The key part of a micro turbine CHP system is the compressor-turbine
package, with single shaft turbines commonly used on electric generators. The shaft of a micro turbine
can work in high rotational speed up to 120,000 rpm. In a typical micro turbine CHP system, the inlet
air is compressed and preheated in the recuperator with turbine exhaust heat. Then, the heated air

22



mixed with fuel is sent into the combustor and ignited there. The hot combustion gas is then expanded
in one or more turbine sections, producing rotating mechanical power to drive the compressor and
the electric generator [22].

As a recently developed technology, micro turbines have started initial commercial service only from
1999. Hence at this stage there are few track records of this technology, and they are offered by only
a small number of suppliers. Besides, micro turbines are more expensive than internal combustion
engines of equivalent sizes in capital costs. However, because it contains few moving parts, the
operation and maintenance costs of a micro-turbine can be lower than that of an internal combustion
engine. A micro turbine can be used in power-only generation or in a CHP system. With distributed
generation applications it can be used by power producers and consumers, including industrial,
institutional, commercial, and even residential users in the future. Micro turbines' high outlet
temperature (> 500 DC) is suitable for other high value applications, such as producing low-pressure
steam or hot water for on-site requirements; furthermore for cooling applications including absorption
systems [33].
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Figure 12 Scheme of gas turbine cycle with CHP: a) a gas turbine with the basic thermodynamic cycle, b) a gas

turbine with internal heat recuperation [36]

Stirling Engine-based CHP

Compared to a conventional internal combustion engine, a Stirling engine is an external combustion
device, which can produce either electricity through a generator or drive loads directly [22]. As an
external combustion engine, a Stirling engine generates heat externally in a separate combustion
chamber. Due to this characteristic, Stirling engines can operate on almost any fuel. With external
combustion that facilitates the control of the combustion process, Stirling engines have obvious
advantages such as low noise and low air emission levels. Presently the electrical efficiency of Stirling
engines can be as high as 40%, which is much higher than other prime movers' technologies, with
50% a possibility in the future, whereas the overall CHP efficiency of a Stirling engine cogeneration
system is within in the range of 65-85% [34]. A Stirling cycle has the potential of achieving higher
efficiency than Rankine cycle or Joule cycle as it more closely approaches the Carnot Cycle [34].
Besides, Stirling engines also have good capability to operate under part-load conditions. It is
expected that while the full load electrical efficiency can be 35-50%, the electrical efficiency at 50%
load can be expected to be in the 34-39% range [37]. Figure 13 shows the schematic of a micro-scale
biomass Stirling engine CHP system.
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Figure 13 Scheme of a Stirling Engine based CHP [38]

Although there are some demonstrations of Stirling engine systems, they are still under development
and not commercially available today, and for this reason almost no statistical data on reliability,
availability or prices of Stirling engine systems are available. Nevertheless, because of their good
performance at partial load and capability to operate with different fuels, Stirling engines are
particularly well-suited to micro-scale CHP applications.

Fuel-cell based CHP

Fuel cells are an entirely different technique to generate electricity than traditional prime mover
technologies and are still in the research and develop phase presently. Fuel cells take in hydrogen (or
hydrogen-rich fuels) and oxygen to create electricity, heat, and water. Figure 14 shows the key system
components of a fuel cell. Basically, a fuel cell consists of a stack of layers arranged around a central
electrolyte: an anode at which the hydrogen is oxidized; a cathode at which the oxygen is reduced;
and bipolar plates, which feed the gases, collect the electrons, and conduct the reaction heat.

Electrolyte

Cathode

A .

Figure 14 Basic components and electrochemical process of a fuel cell

-—

Fuel cells can be sized for a wide variety of applications - from laptop computers (50 to 100 W¢) to
vehicles (50 to 85 kWe) and to central power generation (0.2 to 2 MW¢) [34]. Hydrogen-fueled fuel
cells do not produce COz, the main greenhouse gas in the atmosphere. Because there is no combustion
and no moving parts, fuel cells are quiet and can achieve electric efficiencies up to two times greater
than internal combustion engines [22]. The transportation sector is now the major market for the
application of fuel cells. Four main types of fuel cells listed below appear to have the most attractive
prospects: phosphoric acid fuel cell (PAFC), proton exchange membrane fuel cell (PEMFC), molten
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carbonate fuel cell (MCFC), and solid oxide fuel cell (SOFC). However, power generation seems to
be another promising market in which fuel cells could be quickly commercialized. The typical layout
of fuel cells based on hydrogen is shown in Figure 15 [32].
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Figure 15 Simplified layout of a fuel cell based CHP supplied with hydrogen [39]

PEMF based residential CHP systems have reached demonstration stage, with a variety of FC
developers reporting on their latest products, including Ebara Ballard's 1 kWe stationary CHP system,
Plug Power’s GenSys 5 system (5 kWe, 9 kW) and Hpower's 4.5 kW RCU [37]. In addition, solid
oxide fuel cells (SOFC) are suitable for residential CHP applications because they run efficiently at
high temperatures and have a favourable thermal/electric ratio. A 3.5 kWe SOFC CHP system for
residential and commercial applications with an electrical efficiency of approximately 50% and
overall CHP efficiency of approximately 80% has been developed by Hydrovolt, and a 2 kW, SOFC
CHP system suitable for single family house application with an overall efficiency of about 85% and
a 10 kW SOFC system with an overall efficiency of about 85% have been developed by Global
Thermoelectric, Inc. [37]. Typical performance and CHP characteristics of fuel cells are showed in
Table 2.

Since fuel cell are still under research, development and demonstration [40], there are several
disadvantages for their commercialization. Fuel cells are currently more expensive than internal
combustion engines and cost more on maintenance. There are only a handful of fuel cell installation
on operating and therefore their long-term operational experience with fuel other than pure hydrogen
such as natural gas and biomass-derived gaseous fuels are limited. Besides relatively short lifetime
of fuel cell systems is another main drawback [33]. However, fuel cell’ high electrical efficiency, low
noise during operation and low emissions makes them particularly suitable for residential,
commercial, and institutional building applications.

Table 2 Fuel cells’ performances and CHP characteristics

PERFORMANCES CHARACTERISTICS

Fuel cell type PAFC MCFC PEM SOFC

Normal electric capacity (kW 200 250 200 100
Commercial status Commercial Commercial Demonstration Demonstration
Electrical efficiency, HHV (% 36 43 35 45

CHP CHARACTERISTICS
Total CHP efficiency, HHV (% 75 65 712 70
Power/Heat Ratio 0.92 1.95 0.95 1.79
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2.2. Combined Cooling, Heating and Power systems
(CCHP)

Trigeneration, or Combined Cooling, Heat and Power (CCHP), is a particular field of cogeneration
systems, in which, besides producing electrical energy, it allows to use part of the thermal energy
recovered, through an absorption chiller, to produce refrigeration power, that can be used for air
conditioning or industrial processes. The conceptual scheme of trigeneration is presented in Figure
16. First fuel and excess air are burned to drive a prime mover, which in turn drives an electrical
generator, that produces electricity for final use. The energy of high-temperature exhaust, from the
prime mover, is mainly recovered using a heat recovery unit. Using a convenient heat transfer fluid,
the recovered heat can be used in specific heating processes, and in case of trigeneration, also to drive
a cooling unit, for cooling purposes according to the site demands.
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Figure 16 Conceptual scheme of a CCHP system

Trigeneration extends the possibilities of cogeneration, that are limited by the necessity to have
contemporaneity among electric and thermal use to have an efficient system. This factor represents a
constraint, where the need of thermal power is limited to the winter period, while during summer, the
cogeneration system must be stopped, or left work dissipating the heat produced. Instead, matching
a cogenerator with a dedicated absorption chiller, that can generate cooling power using heat as a
source, rather than electricity, it is possible to exploit the cogeneration implant also in the hotter
months; when the request for air conditioning is very high, or in the industrial sectors, in which
cooling systems are needed.

The use of waste heat to supply the required heat of the chillers has always been considered by many
researchers.

Liu et al.'s investigation of the power output of a hybrid chiller and cogeneration system has been
carried out in both limited and unlimited modes. Their findings demonstrated that using a
cogeneration system reduces expenses by 50% when compared to using a separate production system
[41]. The performance of a cogeneration system, in which the combustion products were employed
to supply the necessary heat for the chiller, was examined by Bruno et al. [42] at varied capacities of
micro-gas turbines. Additionally, they increased the cooling production capacity by injecting natural
gas into combustion products. The results for four different micro-turbine capacities demonstrated
that, as a result of the rise in temperature, the natural gas injection enhances the COP and cooling
production capacity.
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A cogeneration system based on a fuel cell and an ammonia absorption chiller was researched by Oro
etal. [43]. Finally, results demonstrated that the fuel cell's power production ranges from 600 to 1400
W and its cooling output can reach 400 W. The use of a gas engine as the primary mover and a water-
ammonia absorption chiller as the refrigeration cycle of a cogeneration system was suggested by
Colonna et al. [44]. They assessed the impact of evaporator temperature on chiller COP before
looking at the system performance from an economic angle.

A water-ammonia absorption refrigeration cycle with a cooling capacity of 10.5 kW has been
numerically modelled by Le Lostec et al [45]. In order to investigate how evaporator temperature and
generator temperature affect system performance, researchers used mass and energy balance
equations in steady state conditions. In [46] a data centre has been cooled using waste heat. The poor
quality of the heat in this investigation was one of its difficulties. In this case, the issue was resolved
by using a heat pump.

A mass recovery procedure was used to build and experimentally study a silica gel-water adsorption
chiller by Pan et al. under the condition of driving hot water temperature less than 80 °C. The results
show that the silica gel-water adsorption chiller for waste heat utilization at extra-low temperatures
performs well.

Another global concern that poses a threat to human life in the modern world is the rise in greenhouse
gas emissions and related environmental problems. Utilizing waste heat can significantly minimize
the creation of pollutants because it uses less fuel. To cut down on pollutants emissions from the
cogeneration system, Fumo et al. presented an operating approach for emissions [47]. In this study,
the operational emission strategy was used to minimize primary energy consumption and carbon
dioxide emissions. The data were then compared to those from the primary energy consumption
strategy. It has been demonstrated that using the operational emission strategy reduces carbon dioxide
emissions by 18.7% for the city of Minneapolis. This is in comparison to using the primary energy
consumption plan. This suggests that, in order to lower greenhouse gas emissions, it is desirable to
follow the emission operating approach for cogeneration systems.

By comparing the CCHP system to the separate production (SP) system, Wang et al. [18] examined
three indicators of primary energy savings, energy efficiency, and CO2 emission reduction in a CCHP
system for a commercial building in Beijing. The energy and environmental performances of CCHP
systems are primarily impacted by the power production efficiency and cooling mode performance
coefficient, which have significant effects on CO2 emission reduction, according to a feasibility study
and sensitivity analysis [48].

Kong et al. [49] worked on the optimization of a cogeneration system composed of a gas turbine, an
absorption chiller and a heat recovery boiler. Their findings demonstrated that operating load has a
significant impact on the ideal point. To significantly reduce energy usage and CO2 emissions, Yang
et al. [50] designed and optimized a solar cogeneration system under five different operating
scenarios. Song et al. [51] looked into the data centre's use of a cogeneration system with cold storage.
Following thermal load (FTL) and following electrical load (FEL) methodologies were used to
operate the suggested system. It was discovered that adopting FTL strategy rather than FEL method
results in greater CO2 emissions and energy consumption reductions. According to Haeseldonckx et
al. [52], using a thermal storage system allows a cogeneration system to run at full capacity for a
longer period. The recovery of waste heat from a gas engine for a water-ammonia chiller was studied
by Garimella et al. [53]. To provide the heat needed for the chiller, they used direct combustion
products. Finally, they demonstrated that by varying the ambient temperature between 40 and 52 °C,
the COP ranges between 0.38 and 0.3. They also investigated the impacts of ambient temperature on
the performance of this cycle. A summary of the studies about using the waste heat of CCHP systems
for cooling purposes is listed in Table 3.
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Table 3 Some of the related studies about the use of CCHP waste heat for cooling.

System description

Analysis

Main results

Nami et al.
[54]

Wegener et al.
[55]

Deymi-
Dashtebayaz
and Norani
[56]

Lietal. [57]

Zare et al. [58]

Dehghani et
al. [59]

Soltani et al.
[60]

Wang et al.
[61]

Cho et al. [62]

Tayyeban et
al. [63]

2019

2020

2021

2020

2020

2020

2020

2020

2009

2021

Applied absorption chiller and
ORC cycle

Used biomass and solar energy
combined cooling, heating,
power and heat pump for
different climate

Used CCHP system in data
center and investigated two
different scenarios

Used CCHP system in high-
speed railway and investigated
different strategy

Used geothermal driven CCHP
system, ejector transcritical CO,
cycle is integrated with
conventional Rankine cycle and
replaced the
gas cooler with an internal heat
exchanger.

Used wastewater of the textile
industry for producing biofuel
and using biofuel driven CCHP.

Applied CCHP system with gas

engine and used water- ammonia

absorption chiller for producing
cooling.

Investigated different waste heat
recovery on performance
of cogeneration, also applied
absorption chiller for
cooling.

Optimization of the operation of
CCHP systems for different
climate conditions based on

operational cost, primary energy

consumption and carbon dioxide
emissions.

Applied refrigeration cycle
(REC), ORC cycle and multi-
effect desalination (MED)
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type
energy, exergy

energy,
environment,
economic and
optimization

Sustainability
assessment,
energy
analysis

energy,
environment,
economic and
optimization

energy and
exergy

energy,
economic and
optimization

energy,
economic and
optimization

energy and
optimization

energy,
environment,
economic and
optimization

energy and
exergy

better performance and
decreased payback period

Decreased net present cost
and emissions

Calculating energy
consumption, selecting best
scenario based on
sustainability index,

improved primary energy
consumption rate, CO,
emission reduction rate,
operating cost savings
rate and comprehensive
performance matching

increased the exergy
efficiency, net output power
and output cooling

the methane content of
biofuel was enhanced and
improved power efficiency of
CCHP

reduced of fuel consumption
and system operating costs

The simulation results of the
static and dynamic
models have no evident
difference, and the
maximal error is only
approximately 0.5 %.

The only cities that show
reduction of primary energy
consumption while also
reducing the carbon dioxide
emissions are Columbus.

Proposing a new multi-
generation system,
determining the best
operating condition



2.3.  Micro-Trigenerative Systems (Micro-CCHP)

The micro-CCHP concept is referred to cogeneration plants with electrical power output below 50
kW. Although several issues have limited their widespread use so far, the potential market for system
of this size is considered huge [64,65]. Indeed, the global efficiency of micro-CHP systems is greater
than 75%, and, depending on the features and parameterization of the equipment, it can exceed 90%.
The current research is focused on the optimization of CCHP systems to reduce primary energy
consumption and increase the share of renewable energy. To this aim, several authors introduced their
recent breakthroughs in the field: Akisawa et al. analyzed the optimal configuration of CCHP systems
minimizing the primary energy consumption as an objective function. They found that absorption
chillers can be worthier than compression chillers even though the latter generally assure a higher
COP value [66]. Cardona et al. designed hybrid CCHP-heat pump systems to adapt power-to-heat
systems ratios to demand [67]. Angrisani et al. analyzed a gas-fired micro-CHP system in two
different buildings: a tertiary building and a residential building; comparing the results in two
different Italian locations and highlighting the potential benefits of the thermal load-sharing approach
[68]. From a thermodynamic point of view, micro-CCHP systems can be easily simulated in steady-
state conditions. However, the actual use of these applications often requires an analysis of the
transient processes involved. Indeed, the same authors performed a thermo-economic analysis of a
CCHP desiccant-based air handling unit, which is dynamically simulated using TRNSYS software
considering Southern lItaly climatic conditions. The inputs of this model are empirical data, and
parametric analysis is performed to obtain the output quantities [69].

2.4. ORC Systems

The interest in low-grade heat recovery has been growing for the last decades, due to the increasing
concern over energy shortage and global warming. Among the novel solutions, the Organic Rankine
Cycle (ORC) system is the most interesting. This ORC process is similar to the cycle of a conventional
steam turbine, except for the working fluid that drives the turbine, which is a high molecular mass
organic fluid. The ORC system involves parts of the same components as a conventional steam power
system: a work-producing expansion device, condenser, and pump. However, there always is an
evaporator in replacement of a boiler to vaporize working fluid in relatively lower evaporating
temperatures, as shown in Figure 17.
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The pump supplies the working fluid to the evaporator, where the working fluid is heated and
vaporized by the exhaust heat. The generated high-pressure vapor flows into the turbine and produces
power there, and then, the low-pressure vapor is led to the condenser and condensed by air. The
condensed working fluid flows into the receiver and is pumped back to the evaporator, and a new
cycle begins. The heating and cooling sources are not directly in contact with the working fluid or
with the turbine. For high-temperature applications like combined heat and power biomass-powered
plants, high-temperature thermal oil is used as a heat carrier and a regenerator is added, to further
improve the cycle performance. The typical T-S process for the investigated ORC system is shown
in Figure 18.
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Figure 18 Typical T-S diagram for the organic Rankine cycle (ORC)

Due to different working fluids can be chosen depending on the level of heat resource temperature, it
is possible to generate electrical energy from waste heat, geothermal sources, combustion of biomass
or solar thermal sources. The ORC process can also produce electricity in a wide range of power
outputs, from few kW up to 3 MW electric power per unit [33]. The ORC system has technical
benefits as high cycle efficiency and high turbine efficiency, low mechanical stress of the turbine,
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low RPM of the turbine allowing the direct drive of the electric generator without reduction gear, no
erosion of the turbine blades, due to the absence of the moisture in the vapor nozzles and very long
operational life of the machine etc. Furthermore, it also has practical advantages, such as simple start-
stop procedures, quiet operation, minimum maintenance requirements, and good part load
performance. However, the characteristic and principle of the Organic Rankine cycle will be farther
discussed in the following Chapter with modelling.

Regarding the ORC systems, despite they are already a consolidated technology in the medium-large
scale of electricity production, their development in cogeneration plants in the smallest range of size,
suitable for residential application, is still at an early stage and represents a challenge both for
industries and researchers [70]. Several works have been published on this topic. Among the most
recent studies, Garcia-Saez et al. presented an energetic and economic analysis on solar-driven ORC
for CHP in a residential application, considering two plant configurations (namely a solar ORC-CHP
and a solar reversible heat pump), investigating several operating modes and scenarios and comparing
different working fluids. They found that the implementation of this kind of systems can be
convenient with positive Net Present Value (NPV) and a relatively short payback period, under
certain climate conditions [71]. Yu et al. investigated the potential of the integration of an ORC with
a heat pump, comparing the performance with the case of a stand-alone ORC power plant. They
highlighted that the presence of appropriate operating conditions (poor thermal match between the
working fluid and the waste heat for stand-alone ORC; the small ratio of latent to sensible heat for
ORC’s working fluid; the satisfactory value of COP of the heat pump) could lead to a significant
benefit in terms of heat recovered and performance of the integrated plant [72].

2.5.  Abs-Adsorption Systems

Chillers are used in commercial and residential buildings and industrial plants to provide air
conditioning, refrigeration, and process fluid cooling.
There are two basic types of chiller cycles:

e Traditional vapor compression cycle.
e Sorption cycle.

Vapor compression chillers use reciprocating, screw, or centrifugal compressors to power the cycle.
The compressors are most often driven by electric motors, although they can also be powered by
natural gas engines or steam turbines. Sorption chillers, which are available as either absorption or
adsorption designs, are driven with thermal energy produced from a direct fired burner integrated
with the chiller, or with thermal energy supplied indirectly to the chiller. Indirect thermal sources
include hot water, steam, or combustion exhaust. Sorption chillers can recover thermal energy from
combined heat and power (CHP) prime movers (e.g., reciprocating engines, microturbines, and
combustion turbines).

Essentially, absorption is a refrigeration technology which enables to produce cold by directly using
thermal energy. It is based on the phenomena of sorption, which is a collective term for the process
where one substance (sorbent) takes up or holds another (sorbate) owing to the physical or chemical
attraction between the pair of substances. The sorbate plays the role of refrigerant, describing the
same thermodynamic cycles as in a vapor compression system. In fact, sorption systems are
analogous to conventional refrigeration ones but use thermal compression instead of mechanical
compression.
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Thermal compression of the refrigerant basically involves two reverse processes: desorption, which
consists of separating the sorbate from the sorbent by adding heat; and sorption, where the sorbate is
soaked up by the sorbent. Contrary to the desorption process, sorption is an exothermic reaction.

Sorption systems can be classified into three major groups, depending on the nature of the sorbent
and on whether the process occurs in an open or closed environment:

o Absorption: the liquid or solid sorbent experiences physical and/or chemical changes during the
soaking up of the refrigerant.

o Adsorption: a solid sorbent attracts the refrigerant into its surface, but it does not change as a
result of the process.

e Desiccation: the sorbent (solid or liquid) is a hygroscopic material which ab- sorbs the moisture
from humid air. It is referred as an open cycle since the refrigerant (water) is discarded from
the system after providing the cooling effect.

When air conditioning applications are concerned, it is commonly agreed that absorption
technology is the most suitable option among sorption cooling processes, [73]. Desiccant cooling
systems may be an adequate solution when having good indoor quality is essential. Moreover, their
application is limited to large installations because of the high initial cost, as stated by [74]. On the
other hand, adsorption systems present a maximum achievable COP comparable with absorption
ones. Yet, their lower densities make them bulkier and more expensive. Nevertheless, they may be a
good option when low temperature driving heat is available.

In the next sections, the two main sorption technologies, i.e. absorption and adsorption chillers, will
be discussed in detail.

Absorption Chillers

By exploiting the waste heat coming from a heat source, it is possible in fact, to be able to operate a
system of this type. While in compression refrigeration systems the thermal power is subtracted from
the cold source at the expense of the mechanical power used to drive the compressor, in absorption
systems the production of cold is guaranteed by the thermal power introduced. In absorption cycles,
the mechanical power for driving the fluid circulation pump is in fact negligible [75].

Generally, an absorption machine, able to work both as a heat pump and as a chiller, is composed of
4 main elements:

- Condenser: Just like in the traditional condenser of the vapor compression cycle, the
refrigerant enters the condenser at high pressure and temperature and gets condensed. The
condenser is a water-cooled type.

- Expansion valve or restriction: When the refrigerant passes through the expansion valve, its
pressure and temperature reduce suddenly. This refrigerant (ammonia in this case) then enters
the evaporator.

- Evaporator: The refrigerant at very low pressure and temperature enters the evaporator and
produces the cooling effect. In the vapor compression cycle this refrigerant is sucked by the
compressor, but in the vapor absorption cycle, this refrigerant flows to the absorber that acts
as the suction part of the refrigeration cycle.

- Absorber: The absorber is a sort of vessel consisting of water that acts as the absorbent, and
the previously absorbed refrigerant. Thus, the absorber consists of the weak solution of the
refrigerant (ammonia in this case) and absorbent (water in this case). When ammonia from
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the evaporator enters the absorber, it is absorbed by the absorbent due to which the pressure
inside the absorber reduces further leading to more flow of the refrigerant from the evaporator
to the absorber. At high temperatures, water absorbs lesser ammonia, hence it is cooled by the
external coolant to increase it ammonia absorption capacity.

In Figure 19, shown below, it is possible to observe a typical layout of the absorption cycle. In this
case, the task performed by the compressor (in the traditional compression cycle) is performed by the
absorber and the desorber, which therefore have the function of raising the pressure of the fluid.
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Figure 19 Absorption system layout

This is guaranteed by the thermal power introduced into the Qi cycle. These systems require the
presence of a hot source, since the thermal power must be introduced at a temperature that is higher
than the ambient one.

The expression for the performance of the absorption refrigeration system is defined by (2):

Q
COPpps rer = - @)

Qi+Wpump

Where Wpump is the mechanical power applied by the pump and Qr is the useful heat removed for
the cooling effect.

Another feature of these systems, which differentiates them from the compression ones, is the
refrigerant fluid. It consists of a mixture of two fluids which, in the most common types, are
ammonia/water and water/lithium bromide. In the first case, ammonia performs the function of
refrigerant fluid, while in the H2O-BrLi group, water is the fluid entrusted with the task of extracting
heat from the environment to be cooled.

Generally, in the systems that are marketed, the lithium bromide cycle uses water as a thermal source
at a temperature that varies between 90 °C and 130 °C depending on the size of the absorber (the
higher the temperature, the smaller the dimensions) obtaining, as a cooling effect, cold water at about
7 °C and, as performance, an Energy Efficiency Ratio (EER) with values of 0.75 + 0.70. In cases of
extreme refrigeration (up to -20 °C) it is necessary to use ammonia systems, which have, on the other
hand, a high cost of the absorber. The use of NH3s is motivated by its low cost and high availability
on the market, on the other hand, it is not used in the home because of its high toxicity and moderate
flammability.

Regarding the working pairs for absorption refrigeration systems, LiBr/H20 and H.O/NH3 are the
most widely used. The absorbent is the first term in the formulae whereas the absorbate is the second
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term. Although other innovative working pairs have been investigated for the last years, see for
instance [76], it seems that those two classical pairs will be still the reference for absorption systems
in the near future, as predicted by [77]. By and large, LiBr/H20 is most adequate for air conditioning
purposes, while HoO/NHz is more suitable for refrigeration in industrial applications.

The simplest configuration is the single-effect cycle. It is a common fact that the coefficient of
performance (COP) of LiBr/H20 machines working with this cycle ranges from 0.6 to 0.8. Besides,
driving temperatures are between 80 and 100°C for water-cooled systems, while for air-cooled ones
are about 20°C higher. This range of temperatures makes LiBr/H.O single-effect cycles very
appropriate for solar cooling.

By adding some extra components to the basic single-effect configuration, the double-effect cycle is
able to use the input heat twice for generating a greater amount of refrigerant. Due to the higher
working pressures achieved in this configuration, this cycle is not practical for refrigerants with low
boiling temperatures such as ammonia. The COP obtained for LiBr/H>O double-effect systems is
typically between 1.1 and 1.3. In turn, the usual range of driving temperatures is 140-170°C for water-
cooled machines and 160-190°C for air-cooled ones, [78]. Those temperatures make more com-
plicated the use of solar energy as driving source; however several technologies are avail- able in the
market to provide solar heat at such temperatures, [79].

As an extension of the previous configuration, the triple-effect cycle appears as a promising option
to increase the performance of LiBr/H2O absorption machines. Here, the input heat is used in three
stages and driving temperatures above 200°C are needed. In general, COP values around 1.4-1.6 may
be achieved. However, there is a major challenge associated with this cycle, the corrosion problems
caused by the very high working temperatures. Triple-effect technology is currently under active
development, as pointed out by [80] [81] [82] [83].

When the temperature of the available source heat is not high enough to fire a single-effect
configuration, the half-effect cycle is regarded as an adequate option. The driving temperatures for
water-cooled LiBr/H20O systems are typically between 60 and 75°C. In turn, air-cooled systems
require driving temperatures of about 20-30°C higher. In general, COP values achieved with this
cycle are roughly half of a single-effect cycle, hence its name. Although this configuration can be
also referred as two-stage cycle, the former name is usually preferred. The main disadvantages of this
cycle are the complicated configuration and the reduced COP, around 0.3-0.4. Some interesting works
studying the possibilities of this cycle are presented in [84][78][85][74].

Numerous studies have been conducted for applications of liquid absorption machines. A heat
recovery system, consisting of a generator and an economizer, was developed by Fernandez-Seara et
al. [86] to provide incoming thermal energy to an absorption chiller. The results showed that the
energy recovered from a ship's engine is suitable for the considered application, as the temperature
level and available heat exceed those required. Ouadha et al. [87] performed a thermodynamic
analysis of a water-ammonia system, also considering the energy balance for marine diesel,
demonstrating that this is capable of providing sufficient waste heat to operate the absorption chiller.
Cao et al. [88] developed a TRNSYS model to simulate an absorption chiller used for space cooling
in a cargo ship under Miami conditions, finding that the system is capable of providing comfort
conditions in the route under consideration. The same authors, in [89], developed a TRNSYS model
to compare the absorption system of a basic VCC system, conducting an energo-economic analysis
that demonstrated the feasibility of such systems. Ezgi [90] performed a thermodynamic analysis on
a LiBr / water system for both space heating and cooling on a naval surface vessel driven by the heat
lost from the engine, demonstrating that the seawater-cooled system not only satisfies the actual
heating and cooling loads of the vessel under examination, but also provides a surplus.
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Table 4 resume the studies in literature on applications of liquid absorption machines.

Reference

[86]

[87]

[88]

[89]

[90]

Table 4 Studies in literature on applications of liquid absorption machines
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Adsorption Chillers
The operating principle of solid adsorption machines is based on the ability of some materials, defined
as "adsorbent materials"”, to be able to reversibly adsorb some vapor molecules (refrigerant or working
fluid) as shown in Figure 20. The bond that it is established between the vapor molecules and the
adsorbent material is of a chemical nature. The main advantage of these innovative air conditioning
systems is that they are not powered by electricity but by low temperature thermal energy, obtainable
without major difficulties; in fact, energy sources such as solar energy or the waste heat of internal
combustion engines could be some of the technological solutions useful for the operation of these
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Basically, these machines are very similar to vapor compression systems (powered by electricity);
one of the main differences is that instead of the electric compressor, a thermal compressor is used,
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inside which the adsorbent materials are contained. The possibility of thermally regenerating the
adsorber so that it can adsorb cyclically, several times without any alteration, is certainly an excellent
technological solution to lower electricity consumption. Although the basic thermodynamic cycle of
adsorption systems is characterized by COP values lower than those of vapor compression machines,
these systems can become competitive when compared in terms of primary energy, justifying the
possible use of adsorption machines in the field of air conditioning.

In general, an adsorption machine, able to work both as a heat pump and as a chiller, is composed of
4 main elements:

- The thermal compressor (adsorber or adsorbent bed): within which the adsorption and
desorption processes of the refrigerant fluid take place.

- The condenser: where the vapor released in the desorption phase condenses, releasing heat to
the external environment.

- The evaporator: where the evaporation (endothermic process) of the refrigerant fluid occurs,
favored by the adsorption phase.

- The lamination valve: used to reduce the pressure from the condensation to the evaporation
pressure.

Figure 21 shows the typical operating scheme of a solid adsorption system:
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Figure 21 Schematic of an adsorption system

In the last 5 years, several studies have been carried out for the optimization of the technology at
various levels:

* Studies on materials

« Studies on components

« Studies on the operational management of the system

» Studies on lab-scale systems

Sorbent Materials

The development of adsorbent materials is currently strongly correlated with the choice of the
adsorbent/adsorbate pair. Since the most common adsorbates are water and ammonia, the following
sections summarize the adsorbent research activities developed for the most promising types of
adsorbents in recent years.
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- Silica Gels

Silica gels historically represent one of the most used adsorbent materials for the absorption of water
vapor. In fact, they represent the least expensive option for adsorption cooling applications and can
easily be used for heat sources at temperatures below 100 °C (eg flat solar thermal collectors). It is
an amorphous material consisting of an aggregation of primary silica particles whose dimensions and
packaging determine the characteristics of the final product such as its specific surface and the
distribution and volume of pores. The pore size varies from a minimum of 2 nm to a maximum of 20
nm. The properties of this material can be modified by intervening on the chemical nature and
concentration of the precursors [91].

- Zeolites

Zeolites are crystalline alumino-silicates, characterized by a high specific surface (i.e. about 800 m?/g)
and large microporous volumes, which make these materials perfectly suitable for the adsorption of
water vapor. Due to their porous structure, zeolites are generally highly hydrophilic, which allows
them to achieve high adsorption capacities even at low partial pressures. This high affinity with water,
of course, reflects a strong bond that requires higher temperatures to break than silica gels (i.e. more
than 150 °C) [91].

- Zeo-Like Materials

More recently, several new microporous adsorbents have been proposed. They are often referred to
as zeo-like materials, as their crystalline structure is somewhat similar to that of classical zeolites.
The two classes that have shown the most promising characteristics are aluminophosphates (AIPO)
and silico-aluminophosphates (SAPO). Indeed, unlike other classical adsorbents, these materials
show a partially hydrophobic behavior, which is reflected in an S-shaped adsorption isotherm. This
is an advantageous feature, which allows to obtain a high amount of water vapor exchange in a narrow
partial pressure range. Consequently, since the overall heat storage capacity is highly dependent on
water vapor exchange, these materials can guarantee very high heat storage capacities Among these
two classes, the most attractive materials are known as AIPO-18 and SAPO-34. In particular, research
on these materials led to the first commercial adsorbent developed specifically for closed adsorption
systems (e.g. for heating, cooling and storage applications). It is known as AQSOA Z02, and is
manufactured and marketed by Mitsubishi Plastic Inc. (Chiyoda-ku, Tokyo) [92].

- Metal Organic Frameworks

Metal Organic-Frameworks (MOFs) represent a new emerging class of adsorbent materials. These
materials, still in an early stage of development, are considered the future of adsorption. Due to their
structure, consisting of metal ions interconnected by organic macromolecules, it is possible to select
several different compositions; giving infinite possibilities to obtain the ideal adsorbent material
simply by adjusting the synthesis procedure. In fact, they are usually characterized by a high specific
surface (i.e., higher than 2000 m?/g), which guarantees the ability to reach higher absorption
capacities than other adsorbent classes. Higher adsorption capacities are also obtained by adjusting
the pore size, based on the adsorbate and the working field. However, as mentioned above, this class
is still far from practical application, for two main reasons: their high cost, linked both to the small
quantity currently produced and to the cost of raw materials, and their stability, which still requires
investigation. In [93], all the advantages of this type of materials for future applications have been
listed.

- Activated carbon

Activated carbons are carbonaceous adsorbing materials, obtained from various possible precursors
(eg coconut shells, wood, charcoal), characterized by a large specific surface (1200-1300 m?/g) and
microporous volume. These materials are typically used as ammonia adsorbents and alcohols by
adsorption, due to the high affinity shown for these adsorbates. Due to the competitive cost and wide
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commercial availability, they are considered a promising option in the field of adsorption. In [94], the
adsorption kinetics and thermodynamic analysis of cooling systems employing activated carbon-
graphene / ethanol pairs have been studied, demonstrating that they possess a high cooling effect that
will provide a significant direction for the development of cooling systems next generation.

- Composites

Composite adsorbents represent a hybrid method to improve the absorbency of materials. Indeed,
they are based on the inclusion of inorganic salt (e.g., CaCly, LiCl, LiBr) within a porous host structure
(e.g., silica gel, vermiculite). This concept was invented by the Boreskov Institute of Catalysis, in an
attempt to exploit the absorption capacity of certain types of salts, avoiding one of their main
limitations, namely the excessive limitation of mass transfer induced by salt agglomeration [95].
Given the wide availability of inorganic salts, it is possible to synthesize composite adsorbents that
can be used with a high number of adsorbates. Typical examples are the well-known Selective Water
Sorbents (SWS) which represent the broadest class of composite materials, specifically developed for
water adsorption.

Studies on components

At the component level, a line of research has developed around the study and optimization of
adsorbent beds. The exchange of mass and heat is essential to accelerate the dynamics of the
ads/desorption reaction. In [96], I. Girnik studied the effect of the bi-dispersed adsorbent bed on the
dynamics of ad/desorption in typical air-cooling conditions using two different particle sizes of
AQSOA™ -FAM-Z02 adsorbent, as described in Figure 22, showed an increase in performance.

Ref A B C

jo

Figure 22 Diagram of the bi-dispersed layers from a reference of only coarse grains (Ref) up to the complete

filling of fine grains in the unoccupied spaces (D)

An innovative adsorbent bed has been developed at the Fraunhofer-Institute Solar Energy Systems
ISE (Freiburg, Germany) which uses a new type of heat exchanger based on aluminum sintered metal
fibre structures brazed on flat fluid channels. The adsorption heat exchanger is coated with a silico-
aluminum phosphate (SAPO-34) employing a partial transformation of the direct crystallization
support (PST) [97]. The experimental characterization of the module shows a specific power at high
volume (up to 82 W/L for cooling, 320W/L for heating). Although no heat is recovered between the
absorption cycle and the desorption cycle, a COP of nearly 0.4 is achieved for cooling and 1.4 for
heating.
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Figure 23 Views of the heat exchanger

Improving the heat transfer conditions in the adsorption bed volume is one of the crucial tasks for
improving the energy efficiency of the adsorption chiller. In [98], a promising method was
investigated which consists in modifying the outer surface of the heat exchanger using thermally
conductive glue and thereby removing the gaps. The coating made with epoxy resins allows to an
increase in the thermal conductivity and therefore the performances of the absorbent bed.

Studies on the operational management of the system

Studies have been performed on the optimization of adsorption chillers by exploiting mass recovery
and heat recovery respectively. For example, a composite adsorber (CaCl,-activated carbon)
operating both with and without mass recovery was tested. The experimental results have shown that
through the mechanism of mass recovery it is possible to obtain better performances [99].

Heat recovery is also an effective way to improve the performance of the adsorption refrigeration
system thanks to its easy implementation. Three types of heat recovery (circular heat recovery is
complete and serial and passive heat recovery are partial) have been applied in recent adsorption
refrigerators. A theoretical analysis of three heat recovery methods was performed in [100]. The
results show that serial and passive heat recovery (part type) are more optimal than circular heat
recovery (complete type) when manufacturing and cost are considered.

To optimize the system, a new management strategy was studied, based on different durations of the
isobaric adsorption and desorption phases of an adsorbent cooling cycle, as shown in Figure 24. This
innovative management strategy, described in [101], is aimed, in particular, at achieving a high
cooling power density.
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Studies on lab-scale systems

At the laboratories of Shanghai Jiao Tong University (Shanghai, China), as described in [102], an
innovative silica gel and water adsorption chiller was built and experimentally studied that uses a
mass recovery process under conditions hot water temperature below 80 °C. For the data center waste
heat use case, the adsorption chiller can be well operated at supply temperatures of 51.4-61.3 °C,
with COP of 0.285-0.477 and SCP (Cooling Power specification) of 71.2-108.4 W/kg while
producing chilled water at 18.8-22.4 °C. For cases of glass displays and liquid crystal displays that
produce residual heat utilization, COP values of 0.317-0.483 and SCP values of 95.2-146.7 W/kg can
be achieved under temperature conditions hot water inlet temperatures of 56.2—74.9 °C and chilled
water outlet temperatures of 14.2-16.8 °C. These experimental results indicate that the operational
feasibility and good performance of the silica gel and water adsorption chiller for using ultra low
temperature waste heat are confirmed.

As part of a joint study between Hokkaido University (Hokkaido, Japan) and Nihon Netsugen System
Co. (Tokyo, Japan), in [103], a laboratory AHP prototype with a capacity of 1 kW was developed. A
natural mesoporous material (WSS impregnated with 20% by weight of LiCl) was used as adsorbent
to reduce the initial cost and inserted in corrugated aluminum heat exchangers (HEX) shown in Fig.
18. They are Foundation performance experiments were conducted and COP of 0.45 and SCP of 0.41
kW/kg were obtained under the following experimental conditions: Hr =80 °C, Hw =30 °C, HL =15
°C and time of cycle equal to 14 min. In addition, heat recovery was introduced and experimentally
studied to reduce the amount of regeneration heat and the heat balance was evaluated. It was
confirmed that two types of heat recovery could improve the COP for this AHP up to 0.54 when the
outlet temperature of both adsorbers was 55 °C. The COP could be further improved to 0.57, based
on the calculation for the heat balance. This AHP has the advantages of a high SCP over AHP.

In [104], at Yasouj University in lIran, an adsorption chiller with micro-nano activated
carbon/methanol and powered by solar energy was designed and built. The chiller used in this study
includes evaporator, condenser, adsorbent bed and compound parabolic collector. The manifolds used
in this chiller are of the compound parabolic type. Unlike traditional systems which only refrigerate
during the night, in this document the continuous refrigeration system with two adsorbent beds can
produce cold during the day.

The main technical characteristics of the studied chillers are summarized in Table 5.
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Dimensions
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Adsorbent
Material

Table 5 main technical features of lab-scale prototypes

Coating

Characteristics

11 Exchangers
made of

[102] = 1590x1060x1420 & 0,28-0,47 71-108 Silica gel - aluminum with
finned tubes
WSS adsorbent
(natural
[103] mesoporous 4 Exchangers
400%300%x12 0,45 410 materials Epoxy resin made of
composed of aluminum
silicon dioxide)
[104] 0,10-0,14 65-90 el 87 - Solar driven

Active carbon
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3.DEVELOPMENT OF AN ADSORPTION CHILLER
PROTOTYPE (CNR ITAE)

As discussed in Chapter 2, adsorption refrigeration machines have the fundamental characteristic of
being powered by heat at low thermal levels (<100 °C) and of using environmentally friendly
refrigerants (e.g., water, ethanol).

The main objective of the experimental activity is to develop and test, by means of a specific test
station, an adsorption air conditioner prototype that has innovative features compared to the state of
the art. The work has been funded by the project POFESR “FI-ShipS: Future Innovative Ship for
Sicilian routes” in collaboration with National Council of Research, Caronte & Tourist S.p.a.

The prototype in question has been designed to be compatible with the power supply through the
recovery of thermal energy deriving from the cooling circuits or from the exhaust fumes of I.C. first
and/or secondary engines present on ships but also with other hot water sources such as solar energy.
Initially, a feasibility analysis was conducted based on the state of the art of air conditioning systems
used in the naval field and of the potential system solutions based on the use of solid adsorption
machines that could present, in this context. Subsequently, the activity moved on to the design and
construction of the adsorption chiller prototype. As a first step, the type of heat exchangers to be used
for the construction of the adsorbers was identified. The performance of the single adsorber has been
tested to choose the optimal number of exchangers to be provided to meet the required cooling
capacity. The layout of the adsorber necessary for the construction of the chiller was then defined by
selecting the number of beds, the type of adsorbent material and its configuration. The heat
exchangers useful for making the evaporator and condenser of the chiller have been sized starting
from the evaluation of the adsorber power. The chambers necessary for the realization of the prototype
were designed and sized to obtain a simple and compact configuration. Finally, the P&ID graph was
created for the management of the plant and a software was implemented in LabVIEW to create the
control system. To test the performance of the thermally driven chiller prototype, the test station
located at the "TEST CENTER" of the C.N.R. .T.AE.

3.1. Identification of the layout

The layout of the adsorption chiller was defined on the basis of the literature survey carried out and
the required requirements.

Different configurations were considered for the construction of the adsorber. Their potential has
been evaluated in terms of density of cooling capacity, costs and dimensions. We opted for a simple
layout based on a number of beds equal to two and on the use of zeolite in the form of foam as an
adsorbent material. Water has been chosen as refrigerant. Following the definition of its layout, the
executive design of the full scale adsorbers necessary for the operation of the adsorption air
conditioner was carried out. The layout of the Adsorption Prototype is showed in Figure 25.
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Figure 25 Layout of the Adsorption Prototype

3.2. ldentification of the best sorbent material
configuration

Heat pumps based on the adsorption/desorption of water vapor on micro and mesoporous materials
allow an innovative approach to the rational use of energy, for a sustainable energy policy and
effective climate protection, through the reduction of the environmental impact of conventional
heating and cooling devices. Several adsorbent materials have shown promising water vapor
adsorption capacities for such applications, among which the most widely used are silica gel and
silico-aluminous zeolites. Before mentioned adsorbent materials show, however, important
limitations in the application of adsorption machines. In fact, silica gel, being an amorphous material,
has little structural stability to the different adsorption /desorption cycles while the traditional silico-
aluminous zeolites, despite the high stability due to the crystalline structure, are very hydrophilic and
therefore are characterized by the high heat of desorption which limits its use to applications where
regeneration heat at high temperature is available.

Hence the need to use new adsorbent materials that have a stable crystalline structure and that are
partially hydrophobic to be regenerable at moderately low temperatures. The zeolites belonging to
the family of nano-porous structures based on silicon-aluminum-phosphorus, the SAPO and ALPO
zeolites, possess the ideal combination of properties for the before mentioned application because
they combine high absorption capacity of water vapor and low heat of regeneration. Along with the
development of adsorbent materials, the adequate integration of the adsorbent is of great technical
importance for the thermodynamic performance of adsorption machines with the heat exchanger
(HEX) to form the adsorber (Ad-HEX), which is the key component for obtaining high heat exchange
yields. The traditional configuration of the adsorbent, made using the adsorbent material in the form
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of granules, has shown, over time, obvious limitations due to the poor contact between the adsorbent
itself and the walls of the exchanger.

The use of finned exchangers, with a high surface area, coated with a thin layer of adsorbent is
currently considered the most efficient method to reduce the heat exchange resistances at the
adsorbent/metal surface interface and therefore obtain an improvement in the dynamic response of
the adsorber with the consequent improvement of the thermodynamic efficiency of the machine. The
most promising coating methods are zeolite in situ crystallization and binder-based coating processes.
The direct synthesis of the adsorbent material on the surfaces of the exchangers allows to have a good
thermal contact but on the other hand presents considerable difficulties of realization due to the
complexity of the direct synthesis of the material, as for example happens in the case of zeolites in
which the chemical reaction environments are generally aggressive for the metal surfaces of the
exchanger.

The binder-based coating method is an alternative way to deposit a thin layer of adsorbent on the
surface of the heat exchanger. In this case, the adsorbent material is used in the form of very fine
granules or powders mixed with a polymeric phase which acts as a binder with the metal surface. The
advantage of this method is the ease of execution compared to direct chemical synthesis and greater
control of the thicknesses deposited by controlling some operating parameters, such as the viscosity
of the adsorbent precursor/polymer mixture, the porosity of the matrix, in the case of the zeolitic
foams. and the deposition rate (dip coating).

3.3. Experimental characterization of the selected
sorbent material

The development activity of the zeolite foam was carried out in collaboration with the University of
Reggio Calabria, through a consultancy contract, and led to the creation of different types of coating
on heat exchangers (HEXx) using non-traditional adsorbent materials SAPO/ALPO zeolites combined
with a siloxane foam-based matrix. The composite coating was developed specifically for the
intended industrial application. In particular, the experimental formulations were optimized to obtain
the coating of the heat exchangers (coated HEX) with different deposition techniques. Excellent
results in terms of preparation and deposition were obtained using composite coatings containing
90% by weight of zeolite. The above formulation has proved effective both with the spray deposition
technique and by casting. The latter technique, in particular, was used for the construction of four
heat exchangers coated with composite foams containing SAPO zeolites. More details on the
consultancy activity are available in a specific scientific report.

The characterization of the zeolite foam was carried out in collaboration with the Engineering
Department of the University of Palermo, as part of a consultancy contract, and concerned the
morphological, microstructural, and mechanical characterization of composite coatings based on
zeolite on aluminum supports and relative heat exchangers coated on the same support. In order to
complete the investigation, accelerated aging tests were also conducted in a salt spray chamber with
the aim of verifying the durability of the coating in critical environmental conditions.

The XRD and FTIR analyses carried out on the coating made it possible to verify that the applied
material consists of zeolite SAPO-34 and PDMS (silicone). The morphological investigation showed
a very particular microstructure with a closed porosity that configures the coating like a sponge with
adsorbing properties. The adhesion tests showed adhesion compatible with the required application
conditions. On the acquired coatings, water vapor adsorption measurements were carried out which
confirmed that the matrix does not hinder the absorption capacity of the zeolite, preserving the
effectiveness in the adsorption and desorption phases of the coating. Finally, accelerated aging tests
for 15 days confirmed the good mechanical stability of the coating in adverse environmental
conditions.
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Preliminary experimental investigations were carried out to determine the most suitable composite
coating formulation in terms of workability and zeolitic filler content. In particular, the action of
different solvent contents (water, ethanol) was evaluated to optimize the viscosity of the mixture to
be deposited on the coating. This type of investigation identifies an application parameter, viscosity,
which is fundamental in the realization and therefore in the final properties of the coating.

Figure 26 shows the viscosity trend of siloxane-zeolite-solvent mixtures with increasing content of
zeolitic filler obtained by a rotational viscometer at 300 rpm. The results show that as the content of
zeolite increases, the composite mixture, polymer/zeolite, shows a progressive increase in viscosity
as the filler content increases. In particular, at equilibrium, the composite with 95% zeolite shows a
viscosity of about 0.09 Pa*s. The sample with a lower content of zeolite (80% by weight), on the
other hand, shows at equilibrium a viscosity lower by more than half (0.041 Pa*s).

The use of an initial mixture that is too dense could generate problems on the homogeneity of the
dispersion of the particles as well as difficulties during the deposition phase. In the case of the
formulation with a high content of zeolite (95% by weight), due to the high viscosity of the initial
mixture, difficulties are foreseeable in the deposition method, both using the casting technique (dip
coating) and by spraying deposition. In order to facilitate the ease of deposition, viscosity values of
the precursor solution lower than 0.08 Pa*s are considered suitable for the use of both deposition
techniques used.
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Figure 26 Viscosity trend of siloxane-zeolite-solvent mixtures with increasing content of zeolitic filler.

Figure 27 shows some reference images relating to the deposition of composite foams conducted on
finned exchangers supplied by the customer (3 mm pitch) with increasing content of SAPO zeolite.
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Figure 27 Deposition of composite coatings with increasing content of SAPO zeolite (80% - 95% by weight) on

finned exchanger with 3 mm pitch

Foam coatings with 80% and 85% of zeolite are very regular in thickness, do not have lumps, but in
consideration of the low filler content they have not been considered for depositions on full-scale heat
exchangers. With these concentrations, in fact, the thermodynamic efficiency of the exchanger is
limited due to a low weight ratio of zeolite / weight of the exchanger. A high filler content (formulated
with zeolite content> 90%), on the other hand, leads to a very dense mixture that tends to clog the
exchanger channels during the deposition and formation phase of the coating. It is noted that
deposition with 90% zeolite content presents a good compromise between ease and homogeneity of
deposition and content of adsorbent material.

As an integration, specimens were made deposited on aluminum foil (dimensions 50 cm x 50 cm) for
all concentrations of zeolite supplied with the samples for the purpose of subsequent morphological
and mechanical investigations on the coatings themselves.

Based on the preliminary deposition tests, a series of exchangers having dimensions 40x20x4 cm
were created. Figure 28 shows some reference images of the exchangers made. Once the siloxane-
zeolite-solvents solution had been deposited, it was dried in air for 5 minutes and then cured in an
oven for 24 hours at 70 °C. The image shows that the deposition did not involve the obstruction of
the channels between the fins of the exchanger and therefore does not increase the resistance to the
flow of steam. However, from Figure 28-c it can be seen that there are areas of heterogeneity in the
distribution of the coating. These areas do not lead to a reduction in the performance of the exchanger
itself, as they are mainly located along the edges of the aluminum fins and consequently do not block
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the channels between the fins which instead appear free and therefore do not represent an obstacle to
the flow of water vapor. The enlargement of Figure 28-c confirms the above considerations,
highlighting how even the channels in the apparently heterogeneous areas are still suitable for the
passage of steam.

The finned area at the bottom of the exchanger (see the enlargement shown in Figure 28-c, frame in
green) in fact, shows an unobstructed central channel of about 0.5 mm along which the flow of steam
can take place. These exchangers have been tested at the CNR ITAE and will be used for the
realization of the adsorption chiller prototype.
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Figure 28 View of an exchanger coated with 90% by weight of SAPO zeolite (content by weight of anhydrous
zeolite equal to 100g) and relative enlargements of a homogeneous zone (b - highlighted in red) and of a

heterogeneous zone (c - highlighted in green)

3.4. Development and testing of components

Test Bench

To test the performance of the single heat exchanger/adsorber, a test station for adsorbers was built
based on a single bed adsorption chiller at the laboratories of the "Nicola Giordano" Institute of
Advanced Energy Technologies (I.T.A.E. C.N.R.). From the analysis of the results obtained from
these tests it was possible to evaluate the potential of the exchanger and consequently to size the full-
scale adsorber, identifying the optimal number of exchangers to be inserted in the adsorption
chambers to meet the established cooling capacity.

In Figure 29 it is possible to view the test station created.
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Figure 29 a) View of the test bench and b) single bed adsorption chiller.

The P&ID, shown in Figure 30, shows all the interconnections between the equipment, pipes, sensors
and valves and their relative positions.
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Figure 30 Final P&ID of the test station

A control software has been created in the LabVIEW environment to control and properly manage
the system consisting of the test station and the single bed adsorption chiller. The latter allows you to
monitor and acquire all the physical quantities useful for the operation of the machine. The software
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in addition to measuring specific quantities, such as the temperatures and pressures inside the
chambers, also serves to control the various operating modes, as well as to switch from one to the
other thanks to the hydraulic valve system and the vacuum valves present in the system.

Figure 31 shows the screen of the synoptic and control panel created in LabVIEW and adapted for
the prototype.
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Figure 31 Synoptic and control panel of the software created in LabVIEW for the control of the machine

Design of the components

For the construction of the adsorbers, it was decided to use compact heat exchangers with flat finned
aluminum tubes, characterized by dimensions and fins such as to ensure a high exchange density and
at the same time a small footprint. To identify the type of heat exchangers to be used, the commercial
models produced by FIRA S.p.a.[105] were considered and compared with each other and those
produced by RC Racing [106], both shown in Figure 32.

a)

Figure 32 Heat exchangers manufactured by a) FIRA and b) RC Racing
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The heat exchangers produced by FIRA are available in four different geometries. All 4
configurations have, with the same radiant mass, different geometric characteristics both in relation
to the fins and to the internal channels of the exchangers.

Following an analysis of the technical specifications and performance of the two products, the
exchangers produced by RC Racing were chosen.

After their purchase, they were entrusted to the University of Reggio Calabria to prepare them with
zeolite foam, as shown in Figure 28.

The adsorbent zeolite foam has been inserted inside the fins of the exchangers to obtain high vapor
permeability and maximize the performance of the zeolite, thus allowing an improvement in the
performance of the adsorption chiller. Table 4 shows the weights of all the exchangers before and
after the application of the zeolite coating.

Table 6 Features of the HExs

HEx empty [g]  HEx coated at 80°C [g] Coating [g] Zeolite content (80%) [g]
HEx 1 668.6 779.6 111 88.8
HEx 2 661.7 783.4 121.7 97.4
HEx 3 665.9 789.6 123.7 99
HEx 4 672 802.8 130.8 104.6
HEx 5 666.5 814.9 148.4 118.7
HEx 6 664.4 798.2 133.8 107

The design of the adsorbent beds was carried out by evaluating the average power that the single heat
exchanger is able to produce and considering the required project specifications. It was considered
that a total of 6 heat exchangers will be required for the adsorbers. Subsequently, the vacuum
chambers intended to contain the adsorbers were designed and, based on these, those relating to the
condenser and the evaporator of the chiller. The chambers have been designed to be able to operate
in sub-atmospheric pressure conditions and have been arranged in such a way as to obtain a compact
configuration. The sizing of the adsorber chambers was carried out starting from the dimensions of
the heat exchangers, trying to reduce the weight and total volume of the prototype, guaranteeing only
the margin of space necessary for the assembly of the chambers.

The condenser and the evaporator, on the other hand, have been sized by calculating their heat
exchange surface starting from the power produced by the adsorbent chambers.

The adsorbers will be made by providing three heat exchangers for each of them, while two each have
been provided for the condenser and evaporator. The dimensions of the exchangers used for the
adsorbers are indicated, together with those of the exchangers used in the condenser and evaporator,
in Table 7 and Figure 33:

Table 7 Dimensions of the heat exchangers used

HEx. Condenser 100/140 400 44/54 120 16
HEx. Adsorbers 160/200 250 22/42 180 16
HEx. Evaporator 160/200 400 22/42 180 16
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Figure 33 Dimensions of the exchangers in order from left to right respectively for a) condenser, b) absorber and

¢) evaporator.

3.5. Design and manufacturing of the prototype

Once the dimensions of the heat exchangers were defined, the executive drawing of the adsorption
chambers was made. The construction of the chambers, for which AISI 316 steel was chosen as the
material, was entrusted to a workshop specialized in the production of vacuum components.

Figure 34 shows the side and front view of the overall layout of the adsorption chiller.
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Figure 34 Side and front view of the designed chiller

After the design and construction phase of the vacuum chambers, the components necessary for the
construction of the hydraulic and electrical circuits were selected, as well as the fundamental sensors
for monitoring the functioning of the prototype.

Below are described step by step and in detail the main phases of the realization of the adsorption

chiller.

The insulation of the chambers:

Considering that any heat losses could penalize the overall performance of the chiller, in order to
thermally isolate the vacuum chambers from the external environment and work in stationary
conditions, the insulation of the chambers was carried out. Figure 35 shows the chamber without

insulation.
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Figure 35 Chamber in tedea’ for making one of the two adsorbers before insulation.

The insulator is also equipped on one of the two sides with an adhesive tape to facilitate the insulation
operation. Given the presence of the flanges, the insulation was cut and shaped according to the
chambers by means of punches of different sizes. Once the desired shape was obtained, the thermal
insulation was positioned on the vacuum chambers (Figure 36a-b).

a) | - b)

Figure 36 Insulation of the rooms for the realization of the prototype

The insulation used is a flexible elastomeric foam having a thickness (s) of 1 cm and a thermal
conductivity (1) of 0.034W/mK.
It is possible to define the thermal resistance (Ri) of each layer of thickness (si) and conductivity
thermal (Ai) with the relation (3):

Ri=3t G)

The total exchange resistance Ryt is the sum of the thermal resistances determined so far:
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Riot = Rint + X R; + Rexe @)

Where Rint and Rex: represent the surface thermal resistances.
The thermal transmittance U is calculated as (5):

1
U= )
Reot

The heat flow through the chamber walls is calculated in (6):
Q=UAT (6)

Where AT = (Tint — Text) = 15°C
Table 8 resumes the benefit of the application of the insulation

Table 8 Comparison of thermal performance with/without insulation

Riot
2] 0.536 2.056
Utot
CWImEK] 1.865 0.486
[w(/lmZ] 27.84 7,29

Adsorber chambers:
Once filled with the zeolite-based foam, the exchangers were mounted on the respective vacuum
chambers by means of the hydraulic manifolds already described above. The mounting of the

adsorbers on the manifolds of the vacuum chambers was carried out by means of straight brass
fittings.
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c)
Figure 37 a) and b) view of the idraulic connections and c) the superior flange

Given the vertical arrangement of the chambers, to avoid the passage of adsorbent material from the
adsorbers to the evaporator located below, filters have been inserted on the lower communications
flanges (DN 50). These were made by fixing squares of wire mesh inside the two adsorber chambers

with specially made pins and 3 mm thick Teflon frames.
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b)

Figure 38 Application of the metal filters on the bottom of the adsorbers

In this way, the passage of material is avoided, guaranteeing the flow of steam through the meshes of
the metal mesh.

- Condenser:

To optimize the spaces inside the condenser chamber, the two exchangers were arranged
longitudinally. Between them, to prevent the liquid inside the condenser from ending up in the
adsorber chambers, cylindrical bulkheads have been provided at the DN 50 connection flanges
between the condenser and the adsorbers.

Figure 39 Positioning of the exchangers inside the condenser

Evaporator:
Inside the evaporator, the exchangers were instead arranged parallel to the lower surface of the

chamber, again in order to optimize space.
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a) b)

Figure 40 Positioning of the exchangers inside the condenser

Hydraulic circuit:

For the operation and control of the two-bed adsorption system, a hydraulic circuit has been created
capable of guaranteeing the various operating phases of the chiller prototype.

The test station used to test the prototype features three temperature lines:

* High temperature: to be connected to the adsorbers for the desorption phase.
» Medium temperature: to be connected to the condenser and adsorbers for the adsorption phase.
* Low temperature: to be connected to the evaporator.

The high temperature line and the medium temperature line can be identified within the hydraulic
circuit that affects the adsorbers. The first is useful both for the desorption phase (connection between
the adsorbers and the condenser) and for heating the bed, the second, on the other hand, is useful both
for the adsorption phase (connection between the adsorbers and the evaporator) and for cool the bed.
The next figure (Figure 41a) shows the P&I of the hydraulic system related to the adsorbers.

The various operating logics of the system have been implemented thanks to the installation within
the hydraulic branches of two-way solenoid valves and ball valves with built-in BALLSTOP check
valve. The latter have been inserted in series with the solenoid valves to ensure that the working fluid
flows in a single direction.

Figure 41b shows the hydraulic branches made for the adsorbers that were mounted on the steel frame
on which the prototype was made. Their fastening was achieved through the use of support collars,
hooked to the frame thanks to threaded rivets.
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Figure 41 a) Layout and b) manufacturing of idraulic connections

- Hydraulic water tightness:

After the installation of the hydraulic branches, each chamber was subjected to hydraulic seal tests to
avoid the risk of water leaks in the circuits. To manage and monitor the pressure values during the
tightness tests, analogue pressure gauges and a hydraulic pump were used.

The water was introduced under pressure by activating the pump. The pressure was raised slowly and
steadily until it reached a value higher than the operating pressures of the prototype. The hydraulic
connection branches and the exchangers of the various chambers, after eliminating the air pockets
present inside them, were put under pressure and left under observation for a couple of days to check
the tightness of the joints and the various fittings present.

Figure 42 Tests of water tightness

- Assembly of the chambers:
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After carrying out the hydraulic tests, the four insulated chambers were placed on a support frame
made of stainless steel. The section of steel used was chosen once the weight of the 4 chambers
necessary for the construction of the prototype was known. The overall weight was increased by 20%
to create a frame that did not show any mechanical failure.

The configuration of the frame has been conceived in such a way as to limit the overall dimensions
to a minimum and at the same time allow the assembly of the 4 vacuum chambers and the connected
circuits (electrical and hydraulic). The frame is equipped with 4 wheels, sized according to the overall
weight of the prototype, to facilitate movement within the laboratory.

Figure 43 Manufacturing of the frame support and positioning of the chambers

Once their position has been identified, threaded feet have been inserted on the various chambers, to
adjust their alignment for the purpose of their coupling, facilitating final assembly. During the
assembly phase, the 4 Gate Valves KF DN 50 were inserted, useful for connecting the adsorbers with
evaporator and condenser. Pneumatic operated valves produced by VAT have been selected, shown
in Figure 44. The connections between the connections of the KF vacuum components and the flanges
of the chambers were made through the use of O-rings (equipped with a centering ring) and clamping.
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Pneumatic

a)

c)

Figure 44 Connections between the chambers

Once the vacuum connections between the various chambers of the prototype were made, the
hydraulic branches made to connect the prototype to the test station were also fixed to the frame in
order to make the prototype compact and reduce the overall dimensions to a minimum. Likewise, the
branches of the vacuum circuit were also fixed to the frame. The final configuration of the assembled
prototype is shown in Figure 45:
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Figure 45 Final configuration of the assembled prototype

- Sensors:

Each prototype chamber is equipped with a pressure sensor and a temperature sensor. An Edwards
transducer (model ASG2-1000) with a KF16 flange connection was chosen as the pressure sensor. It
IS a robust and corrosion resistant membrane meter that provides accurate, gas independent
measurements from 1000 mbar to 1 mbar. This device allows accurate measurement with an accuracy
of + 0.2 full scale and 0.1% full scale stability. The selected thermocouples are of type T and class 1,
with AISI 321 stainless steel sheath and have a diameter of 0.5 mm and a length of 150 mm. These
were connected to the chambers through flanged bushings and shown in Figure 46 before being
installed.
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d)
Figure 46 a) Pressure transducer, b) Termocouple c) and d) TC welded on KF25 flange

To monitor the temperature inside the adsorbers, thermocouples with double channel feedthroughs
welded on KF25 vacuum flanges were used instead. In addition, to monitor the water temperature
inside the hydraulic circuit, thermocouples have been inserted at each hydraulic connection of the
four chambers, both at the inlets and outlets.

- Realization of electrical connections:

To allow automatic operation of the adsorption machine. an electrical panel has been built (shown in
Figure 47). In the electrical panel there are a series of switches that govern the power supply of the
vacuum and hydraulic valves. In addition, a string of National Instruments modules has been inserted
to read the main monitored quantities. In particular, the modules used are:

* 1 A/l module: useful for reading the pressure inside the 4 vacuum chambers.
* 1 Tc module: useful for reading the various thermocouples installed inside the machine.
* 4 relay modules: useful for controlling all the valves inside the prototype.

The electrical panel, for safety reasons, has been equipped with a magneto thermic switch and an
earth circuit to protect users during the test phase.
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Figure 47 Prototype electrical panel

3.6. Testing and characterization of the chiller

Full scale Test Bench for thermally driven chillers

The full scale testing rig used is specifically made to set the various temperature levels necessary for
the operation of components, as described in [107][108]. It is used to evaluate the performance of the
chiller. It primarily consists of heat sources and sinks connected to storages, including a 1.5 m® water
storage that is continuously heated by a 70 kW heater (HT storage), a 1 m® water storage that is
connected to an air-cooled chiller with a nominal power of 63 kW (LT storage), and a 0.75 m? storage
that is filled with a 44.5 wt% water/glycol mixture and has 5 immersed resistances (33 kW each) in
order to control the temperature. The HT circuit of the sorption unit is heated by the hot water storage
tank; by combining the water in the hot and cold storages (HT and LT) with a motorized 3-way valve
coupled to a PID regulator able to set the desired temperature level, the cooling water for the MT
circuit of the sorption unit is produced. The goal set temperature can be maintained in the HT and
MT circuits' inlet circuits thanks to this real-time regulation.

Variable speed pumps are fitted to control the operating flow rates in each circuit, and all the pipes
are thermally insulated. Through a control panel created in the LabVIEW® environment, the
monitoring and controlling system is operated. The following sensors are installed in the testing
apparatus:

- Type “T” thermocouples with Class 1 tolerances for the measure of all the temperatures in
the inlet/outlet pipes of every circuit and in the storages.

- Magnetic flow meters MVM250-PA with 1% of reading accuracy for the measure of all
the flow rates.
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- Piezoresistive differential pressure meter, to calculate pressure drops inside the circuits of
the heat pumps/chillers under testing.

- Electric energy meter SINEAX DM5S with Class 1 tolerances for the measure of electric
input delivered to the chillers.

The evaluated uncertainty under the examined settings is in the range of 5-8% according to the
metrological characteristics of the used sensors, while the one on the EER is in the range of 2-4%.
The layout of the testing bench is shown in Figure 48.
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Figure 48 Layout of the test bench for thermally driven chillers located at CNR ITAE

Methodology
Once the prototype was connected, several tests were carried out to simulate the real operating

conditions. The operating conditions depends on:

e The evaporator temperature: which simulates the environment to be cooled.

e The condenser temperature: which simulates the external environment suitable for heat
dissipation.

e The cycle times.

e The flow rates of the three heat sources (high, medium, and low temperature).

The purpose of this variation is to find the optimal operating conditions to maximize the performance
of the chiller. The most important parameter that will be evaluated will be the the average cooling
capacity that will be produced by the evaporator.

The three temperature stages of an adsorption thermodynamic cycle, low temperature (T.), middle
temperature (Twm), and high temperature (TH), represent the testing conditions, which are summarized
in Table 9. They specifically relate to the typical entrance temperature of the heat transfer fluids
flowing into the chiller's key parts.

Table 9 Testing conditions
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Parameter Measurement Unit

Evaporation Temperature 0 7/10/15
Heating Source Temperature °C 70/75/80/85/90
Condensation temperature o 38
Total Cycle Time min 5/10/15/20
Adsorption/Desorption duration ratio 1/2/3

The cycle time (s) is calculated as the product of the adsorption and desorption steps, and the overall
cycle duration is produced by adding the durations of the two isosteric phases, which can be estimated
both 20 s for isosteric heating and cooling, to the cycle time. The ratio (R) between the length of the
adsorption and desorption processes is also reported in Table 9.

The performances of the adsorption chiller are assessed using the following metrics:

e Volumetric Cooling Power (VCP, kW/m?®), as ratio between the useful cooling effect, the
adsorber volume (V) and the total cycle time as shown in (7):

VCP = YadsMeCp(Tin—e— Tout—e)AT

@)

V Teycle

o Specific Cooling Power (SCP, W/kQ), as ratio between the useful cooling effect, the adsorbent
mass (M) and the total cycle time as shown in (8):

SCP = YadsMeCp(Tin—e— Tout—e)AT

®)

M Teycle

e Coefficient of Performance (COP), calculated as ratio between the cooling effect generated in
the evaporator during the adsorption step (Qe) and the amount of thermal energy supplied for
isosteric heating and desorption phases (Qn), as in shown in (9):

COP = Qe _ YadsMeCp(Tin—e— Tout—e) AT
Qn  Ziso+desMhCp(Tin—a— Tout-a)AT

®)
According to the theory of measurement uncertainty, the usual experimental error is computed using
the extended uncertainty approach where the effect of the desired confidence level as well as the
composed error contribution of each measuring equipment (u) are taken into account [109].

The extended uncertainty (Ug) for the thermal energy (Q) supplied to the adsorber or the evaporator
is calculated in (10), where the contributions of the flow meters (um) and the temperature sensors are
clearly visible (uaT).

A gaussian distribution of errors was taken into account for each contribution, and the coverage factor
(k) is chosen to achieve a confidence level of 99%.

2 2
Up=Qk /’;—’g+% 10)
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Preliminary Results

The characterization campaign, carried out within the Project REGIONE SICILIA-PO FESR2014
Future Innovative Ship for Sicilian routes (FISHIPS), is planned on 2023 according to the project
schedule and it’s not included in this doctoral thesis. However, the preliminary activity is currently
on going. Figure 49 shows the chiller installed in the laboratory of CNR ITAE to the full-scale test
bench. The data resulted from the full characterization of the chiller will be used as a performance
map to determine the best way to balance efficiency and power density for naval applications but it’s
also suitable for residential use.

Figure 49 Prototype connected to the filll scale test bench

Different types of tests can be carried out on the prototype, varying the testing conditions described
in Table 9.

In order to achieve the preliminary results of the characterization campaign, the first tests were carried
out by setting the following temperatures:

* High temperature source: 90 °C;
» Medium temperature well (simulates the temperature of sea water): 28 °C;
» Low temperature source (simulates the environment to be cooled): 15 °C.

The tests were carried out by varying the cycle time and keeping the flow rate of the three temperature
sources constant. The results relating to the Cooling Power for the temperature conditions
90°C/28°C/15°C are shown in Figure 50.

The maximum cooling capacity occurs for a cycle time equal to 5 min where the average cooling
capacity value is 0,8 kW with a COP of 0,37. To the left of the peak, by further reducing the cycle
time, the cycle power decreases as the adsorption phases (phases in which the useful effect is
produced) are too short.
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4, CCHP MODELLING (UNIBO-CNR ITAE)

The study of the novel solar driven Combined Cooling, Heating and Power (CCHP) system has been
carried out during the first two years of PhD activity. In particular, the system is composed of a 60
m? flat plate solar thermal collectors’ field, a 10 kWe photovoltaic plant, a 2 m® Thermal Energy
Storage (TES), a 3 kWe micro-Organic Rankine Cycle (micro-ORC) prototype, a 4.4 kWc thermally
driven Adsorption Chiller (AC) coupled with a 6 kW, auxiliary Heat Pump (HP). It has been
conceived for residential applications and has been integrated with a real bioclimatic nearly zero
energy building (NZEB). The building-plant system has been modelled and studied for three Italian
locations, spread along the peninsula, with three different climates, Messina, Milano and Rome. An
energy, environmental and economic analysis has been carried out. Within the activity of the third
year, a commercial hybrid chiller has been modelled and integrated in the CCHP layout instead the
adsorption prototype. The TRNSYS transient simulation software (TRNSYS version 18.00.0019)
was selected to simulate the performance of the tri-generation plant. TRNSYS library has a wide
range of TYPEs for the simulation of most of the energy system components while the experimental
AC and ORC have been customized specifically. The AC prototype has been modelled in TRNSY'S
environment through a performances map created using the experimental data of the characterization
while a specific subroutine for the ORC unit has been customized in Matlab.

In the next paragraphs, all the system subunits have been described in detail and, at least, the final
model is presented.

ORC description

The p-ORC test bench considered for this study is the one already presented and characterized in
[110]. The system was realized by the Italian company StarEngine and it is conceived for being
applied in the residential sector wherever a heat source temperature between 60 °C and 90 °C is
available. Briefly, it consists of a recuperated cycle running with R134a and driven by a piston
expander prototype, rated for a maximum power output of 3 kW [111]. The other main components
are two brazed plate heat exchangers as evaporator and recuperator, a shell and tube condenser and
an external gear pump. The expander is rigidly coupled with a permanent magnet generator, whose
three-phase output line is connected to a variable resistive load. The condenser is fed with tap water
that is stored in a cold tank and circulated with a centrifugal pump. However, future analysis will be
also performed with an air condenser (already

available at the laboratory), as this can be more suitable to be implemented in a domestic facility.

The controlled variables of the test bench are:

e the hot and cold water temperature;

e the hot and cold water flow rate;

e the feed pump rotating frequency, which affects the working fluid flow rate and, consequently,
the evaporating pressure of the Rankine cycle;

¢ the number of electric loads actually connected to the generator, which determines the value
of the equivalent load impedance and has an influence on the expander torque and rotating
frequency.

Hot water temperature is controllable by means of the electro-resistance of the boiler and by mixing
the water with a colder stream in a three-way valve. Cold water temperature can be modified in a
certain range using a compression chiller integrated in the cooling line. The hot and cold water flow
rate can be regulated in the range 1-2.6 I/s by switching the pump mode and by partially closing the
valves in the water circuits. The number of loads connected to the generator is adjustable by step of
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600 W up to 3000 W of nominal power to dissipate. For this study, a constant value of the number of
loads has been considered.

The previous work of Bianchi et al. [110] described the full experimental characterization of the
system behavior in the range of hot source temperature between 65 °C and 85 °C, varying by step the
feed pump rotating frequency and thus the working fluid flow rate and evaporation pressure. A
selection of the experimental data obtained during the test campaign has been applied here for
implementing the ORC sub-model and validating the results of the integrated tri-generation model.
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Figure 51 a) View and b) Schematic of the ORC prototype

AC description

The adsorptive chiller, designed and realized at CNR-ITAE, shown in Figure 52, has an architecture
with 3 adsorbers connected, by pneumatic vacuum valves, to a single evaporator and condenser. The
main features are summarized in Table 10.

Figure 52 Views of the adsorptive chiller prototype.
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Table 10 Main features of the adsorption chiller

Dimensions [mm] 860 x 790 x 690 A,c\jlicir:b: g;tmgterial Mitéibhi/ls QQQSOA
Volume [m?] 0.47 Adﬁgzr?gr:;ir:saterial Microporous Silica Gel
Weight [kg] 270 Coo’;:ﬁgnlml e 4.4

Nominal COP 0.35 cooﬁ'ﬁgmp:gﬁe‘:"[fwfgé‘i 9.36

The chiller’s volume and weight are 0.47 m® and 270 kg respectively and it is able to deliver an
Average Cooling Power (ACP) of 4.4 kW under nominal boundary conditions (TH =90 °C, TL =18
°C and TM = 25 °C) with a Volumetric Cooling Power (VCP) of 9.36 kWw/m? and COP 0.35. The
selection of the most appropriate HEX layout has been carried out to have high specific heat transfer
surface area [cm?/cm?], to be compact, lightweight and to be able to host a good amount of sorbent
material. All these constraints are required to obtain high value of cooling power density. The
adsorbers’ manufacturing was based on customized aluminum finned flat tubes heat exchangers, since
this layout demonstrated to be highly performing. The complete description of the adsorption chiller
can be found in [112,113]. HExs have triangular louvered fins spaced 360 fins/m and a specific heat
transfer area of 15.49 cm?/cm?®. The adsorption chiller prototype has been designed with an innovative
architecture with three adsorbers connected to a single evaporator and condenser as shown in Figure
53.

O
@® | A

Figure 53 Schematic layout of a 3-Adsorbers based chiller

4.1. ldentification of the Best Layout

Figure 54 shows the concept layout of the integrated ORC-AC system in tri-generative arrangement.
A solar field is supposed to be the primary source, nevertheless the plant is able to work with any low
temperature power supply. In this configuration, the water heated in the solar collectors is used to
feed, in cascade, the ORC cycle and the adsorption chiller. The system would be also equipped with
a thermal energy storage (TES) used as heat buffer, which is provided with electro-resistances as
supplementary thermal source. In this section, the main features of the implemented model are
depicted.
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Figure 54 Micro-CCHP concept layout.

Figure 55 shows the concept layout of the coupled ORC-AC system in tri-generative arrangement.
The prototype plant under analysis consists of: a 60 m? flat plate solar thermal collectors plant, a 10
kW, photovoltaic solar plant, a 3 kW, Organic Rankine Cycle power unit, a 4.4 kW, adsorption chiller
and an auxiliary 6 kW reversible heat pump. A 2 m® thermal energy storage (TES) is used as heat
buffer, which is provided with electro-resistances as supplementary thermal source, and fan coils as
terminals for the distribution system. The size of the auxiliary Heat Pump is chosen on the basis of
the thermal and cooling loads of the buildings. If the thermal power available from AC system is not
enough to meet the load, additional heating or cooling power is supplied by the Heat Pump with a
nominal seasonal COPy, of 4, during the heating period, and a nominal seasonal COP. of 3 in the
cooling period. Flow rates of ORC-AC and distribution circuits have been fixed depending on the
location, thus on the variability of thermal and cooling demands of the building. Considering available
technologies, the hydronic air-conditioning system is the most suitable and it was considered for both
heating and cooling periods for the proposed application. The input water temperature to the fan coils
has been fixed at 40 °C and 10 °C during heating and cooling period respectively. The features of the
main components of the system are summarized in Table 11:

Table 11 Characteristics of the main components

Design specifications Value

Solar collectors area 60 m?
PV peak electric power 10 kWe
ORC system nominal capacity 3 kWe
Adsorption chiller nominal capacity = 4.4 kW,
Heat Pump nominal capacity 6 kW
TES volume 2md
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Figure 55 Schematic layout of the Micro CCHP system and Electric power flow diagram

The thermal solar field heats up the water stored in a 2 m® thermal energy storages interacting with
ORC-AC circuit. The circulation pump of the solar circuit is operated when the outlet water
temperature from solar collectors exceeds the tank average temperature.

The tank is insulated with a material of thermal loss coefficient equal to 0.54 W/m? K. The water
inside TES is kept over 68 °C during CCHP operating hours to supply the ORC unit. If the
temperature inside the TES is lower than 68 °C, also the auxiliary electric resistances are turned on
in order to keep the water temperature in the required range. The water, leaving the ORC, supplies
the AC unit in series with the ORC. During winter, the AC works as a heat pump to keep the supply
temperature to the fan coils at 40 °C. In summer, the chiller mode is turned on to keep the supply
temperature to the fan coils at 10 °C. The operating strategy is based on following the thermal loads
while electrical energy available from ORC and PV plant is mainly used to meet the electric load of
the building and to drive the auxiliaries of the plant. If the electric production is not enough to meet
the load, the needed part is drawn from the grid. Instead, if the “production” exceeds the demand, the
surplus electricity is fed into grid. The electronic control unit works to balance the electric power.
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4.2. Dynamic Model of The ORC Subsection

The ORC sub-model has been developed in MATLAB environment considering an empirical
approach using empirical correlations derived from data obtained by experimental characterization.
It performs basic balances for each iteration in order to obtain the power exchanged for each
component. The thermodynamic properties of the working fluid in every section of the circuit are
calculated by means of the open source CoolProp library [110] using temperature and pressure as
input values.

The following assumptions have been considered for the ORC sub-model:

e heat losses at heat exchangers are neglected

e pressure losses along the circuit are neglected
constant value of temperature difference at evaporator hot terminal (ATapp)
constant value of recuperator effectiveness (erec)
constant value of pinch-point temperature difference at condenser (ATpp)
constant value of expander electro-mechanical efficiency (m.er)

The assumption of a constant ATapp is justified by the high difference between the flow rates of
organic fluid and hot water (which is at least one order of magnitude higher), resulting in a value of
ATapp quite low and with little fluctuations; low variations have been observed also on recuperator
effectiveness in most conditions during experiments; finally, the constant ATpp value is consistent
with experimental data in the range of operating conditions here analyzed.
The input variables depend on the operating conditions of the ORC system and of the cooling
system and are:

e hot water temperature at the evaporator inlet, Thw,i;

e cold water temperature at the condenser inlet, Tcw,;

e hotand cold water flow rate,\/'HW : VCW

e superheating degree at expander inlet, ATsH.

Among the operating range considered for this system, the superheating temperature remains very
close to the hot source temperature, due to the considerable difference between the flow rate of the
water and the one of the working fluid (one order of magnitude). Therefore, once the hot source
temperature is fixed and the superheating degree at the expander inlet is imposed by design, the
evaporation pressure (pev) is fully determined as function of the evaporation temperature, which is
computed by (12).

The input value of superheating degree is used to obtain the evaporation pressure of the cycle,
according to (11):

Pev = Psar(Ty — ATsy) 11)

where the saturation pressure is calculated via Coolprop and the difference T; — AT sy corresponds
to the evaporation temperature. Superheating degree is a design variable, whose value should be taken
low in order to exploit the whole available pressure difference, but high enough to avoid wet
expansion problems.

Similarly, the condensing pressure (pcond) IS Obtained as function of the condensing temperature,
which is calculated using the pinch point temperature difference between condensing working fluid
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and cooling water outlet, ATpp (13). Please refer to Figure 54 for the enumeration of the cycle’s
sections.

Ty =Ty — ATy 12)

Tcond = TCW,out + ATPP (13)

The relation between the evaporation pressure and the working fluid mass flow rate (rmggc), which
is affected by the feed-pump rotating speed, is assumed linear and it is obtained by interpolating the
calibration points shown in Figure 56.

The working fluid mass flow rate is computed using an empirical correlation, reported in (14), as
function of the evaporation pressure.

. Pev —Q
Morc = evb 14)

where the empirical coefficients a and b have been obtained from experimental trend of mass flow
rate. All the above-mentioned constant quantities are collected in Table 12.

Table 12 Constant parameters for ORC submodel

Parameter Value |
ATapp 2°C
EREC 0.65
ATpp 4°C
ATsH 3°C
Nmeel 0.9
a 7.015
b 72.35
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Figure 56 ORC mass flow rate versus evaporation pressure [110]

The expander behavior is taken into account by means of the total expander efficiency (n.xp), defined
by (15), where 7, is decomposed in two elements: the isentropic thermal efficiency (s ) and the

electromechanical efficiency (nen,), that accounts for the frictions and for the generator losses. This
formula is also used to calculate the enthalpy value at the expander outlet.

— . . — (hl _hz) . I/i/ex;a,el
Nexp Nis,th " Nem (hl _ hz,is) Wexp,th

s)

The subscripts el and th refer to electrical and thermodynamic power, respectively. The
thermodynamic states in the different sections of the layout are determined by the thermal balances

over the system components, using the recuperator effectiveness, erec, and thermal power, Qggc,
expressed by (16)(17):

Ts—Ts
€REC = ﬁ (16)
QREC = Mgge * (hy — h3) = Mgge - (he — hs) a7)

The electrical power output is then obtained as the product of working fluid mass flow rate, enthalpy
difference over the expander and the expander electromechanical efficiency. The hot water
temperature at the evaporator outlet, which is used as heat input to the adsorption chiller placed at the
bottom of the u-ORC, is estimated through the thermal balance applied to the evaporator. In order to
evaluate the net efficiency of the system, the electrical power absorbed by the feed pump must be
subtracted to the expander power output. Pump electric consumption (Wpump,el) is calculated by
dividing the hydraulic power by the pump total efficiency, which is expressed by (18). The term pyrc
represents the density of the working fluid evaluated at the pump suction.
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m
ORC/,DORF " (Pev — Peona) (18)

npump = W
pump,el

The expander thermodynamic power (Ptexp) and the pump consumption (Ppump) are calculated
according to (19) and (20).

Py exp = Moge - (hy — hy) (19)

PPump = Mogc - (hs — hy) (20)

where hy is the enthalpy at the point n of the cycle.
The net electric power produced is then obtained as the difference of the expander electrical power
output (Pelexp) and the pump electric consumption (Peipump) and is expressed by (21):

Pel,ORC = Pel,exp - Pel,Pump = Pel,exp "Mmet — PPump/r]m,el (21)

Where nm.el IS the electro-mechanical efficiency.

4.3. Dynamic Model of The AC Subsection

The adsorption chiller has been modelled using Type 909 relying on user-provided performance data
files obtained in a previous full characterization of the prototype carried out at ITAE labs [114]. A
specific test bench has been devoted for thermally driven chillers and results highlighted the influence
of the temperature difference between condenser (Twm) and evaporator (T.) on the overall performance
of the chiller. An average cooling power (ACP) between 3.4 and 4.4 kW, and a volumetric cooling
power (VCP) of 7.25-9.36 kW/m?, with a COP of 0.3-0.35, have been calculated from results at
working conditions of Ty = 90 °C, T = 15+18 °C and Tm = 25+28 °C [115]. Thus, normalized
capacity and COP ratios of the Type have been obtained as a function of the hot water inlet
temperature, the cooling water inlet temperature and the chilled water inlet temperature.
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Figure 57 Experimental performance data obtained by a full characterization at CNR-ITAE[114]

The cooling power delivered from the chiller is equal to (22):

Qc = COF. - Qy 22)

where COP. is the coefficient of performance at current conditions during the cooling season and
Qw is the energy provided to the chiller by the inlet hot water flow stream.
The heating power delivered from the chiller is equal to Eq. (23):

Qn =COPy, - Qy (23)

where COP is the coefficient of performance at current conditions during the heating season.
The outlet water temperature to fan coils has been fixed at 40°C during the hot season varying the
chilled water mass flow rate as a function of the COP and the inlet cooling temperature from fan coils.

4.4. First CCHP Model

The proposed system consists of 80 m? flat-plate type solar field, a 3m? storage tank, a 3 kwWe ORC
plant and a 4,4 kWc adsorption chiller. The main components of the model are: Type 1b for the solar
field; Type 4 for the Thermal Energy Storage (TES), Type 155 for calling Matlab subroutine, Type
909 for the adsorption chiller. Type 909, a standard AC, was modified integrating a map of
performances obtained by an experimental characterization activity fully described in [107]. Weather
data in terms of solar radiation and environment temperature have been taken from Meteonorm
database on an hourly basis. The TRNSYS model of the tri-generation system, shown in Figure 58,
was simulated using experimental performance data obtained by a full characterization of ORC and
AC prototypes, at University of Bologna and at CNR - ITAE respectively [116].
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45. NZEB Model

The studied building, shown in Figure 59, is a single-family detached house located in Linguaglossa,
a small town in the Metropolitan City Area of Catania (South Italy), with a net conditioned area of
around 251.2 m?. The surface to volume ratio (S/V) is equal to 0.13. The location is in the D climatic
zone with heating degree days (HDD) equal to 1760, according to classification specified by the
Italian legislative decree 412/93 [117]. The winter period is considered from November 1% to April
15", 1t has been designed as a bioclimatic house in a way that allows occupants to benefit from natural
advantages of its site and, nowadays, it’s a typical example of high efficiency building characterized
by maximum thermal comfort and energy saving.

Figure 59 Building (a) North and (b) South views [118]
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Location Linguaglossa (CT)

Minimum annual temperature [°C] 7,6
Maximum annual temperature [°C] 23,4
Mean annual temperature [°C] 15
Latitude 37°50'N
Longitude 15°08'E
Climatic Zone D
Degree days 1,760

The solutions selected for building envelope takes into account new interesting wooden made
materials. The value of wood as a building material from the point of view being ecological is easily
understood: it comes from one source, the trees, whose renewal, whose reproducibility, is determined
by essentially from the only energy source, to date, which can be defined as unlimited, the sun.

A wooden building is relatively quick and easy to build; it has excellent structural performance, even
excellent in terms of seismic resistance; fire behavior, contrary to what many think, predictable and
even better, in some ways yes, compared to other non-combustible building materials; an element
high durability, obviously in the face of correct design. From the point of view of economic
feasibility, one of the main advantages of the building process is the reduction of construction times
education. The choice of the cross-layered load-bearing panel system allows you to build the entire
building mainly dry, with simple tools and small hardware. The comparison of the unit cost

of this system with that of a reinforced concrete structure to and brick solves the agon of economy to
the advantage of wood.

The external and internal walls are made of a larch slab insulated with an air layer and mineral wool
wood panels. They also are covered with gypsum fiberboards. Figure 60a and Table 13 describe layers
of the external walls in terms of different parameters (“s” thickness, “A” thermal conductivity, “cp*
specific heat, “r”” density) and the total transmittance is calculated. Roof and floor are wooden made
too and insulated with woodfibre boards. Figure 61a and Table 15 describe roof properties while main
features of the floor are shown in Figure 61b and Table 16.
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Figure 60 Layers of a) External and b) Internal walls

Table 13 External Walls layers characteristics

b)

Estero

FERMACELL 0,13 0,32 1150 1,1
Air layer 0,08 0,51 1,3 1
Larch 0,071 0,15 627 1,6
PAVATherm 0,08 0,04 150 2,7
ERACLIT 0,025 0,9 400 1,55
Plaster 0,015 0,7 1400 0
Total Transmittance [W/m?K] 0,318

Table 14 Internal Walls layers characteristics

FERMACELL 0,125 0,32 1150 1,1
Larch 0,071 0,15 627 1,6
Air layer 0,04 01 1300 1
FERMACELL 0,125 0,32 1150 11
Total Transmittance [W/m?K] 1,22
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Figure 61 a) Roof and b) Floor

Table 15 Roof properties

Larch 0,03 0,15 627 1,6
Air layer 0,08 0,42 1300 1
Larch 0,03 0,15 627 1,6
PAVATherm 0,08 0,04 150 2,7
Air layer 0,025 0,1 1300 1
Covering 0,001 110 7100 0

Total Transmittance [W/m?K] 0,332

Table 16 Floor properties

Larch 0,02 0,15 627 1,6
Screed 0,04 0,9 1800 0
PAVATherm 0,04 0,04 150 2,7
Screed 0,06 0,9 1800 0
Crawl space 0,5 0,026 1,3 0
Subfloor screed 0,15 0,19 400 0
Total Transmittance [W/m?K] ' 0,047

The building is provided with different-sized windows with double-glazing low emissivity and
aluminum frames with thermal break. Thermal properties of windows are described below in Table
17, while Table 18 reports thermal properties for different opaque surfaces of the building envelope.
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Table 17 Thermo-physical parameters for windows

Parameter Value

Glass thermal transmittance, Uq 2.320 W/m?K

Frame thermal transmittance, Us 3.7 W/m?K
Thermal resistance of the shading, Rshading =~ 0.3 m?K/W

Total thermal transmittance, Utot 1.479 W/m?K

Table 18 Main characteristics of the building envelope

Building Total transmittance [W/m?K] Thickness [m]

External walls 0.318 0.4
Internal walls 1.22 0.36
Roof 0.332 0.25
Floor 0.047 0.81
Windows 1.479 -

The building was realized by means of Trnsys3d for SketchUp [119] and imported as 3D model into
the Type 56, as shown in Figure 62.

The building volume was divided into four thermal zones according to classifications and
requirements specified by the Standard UNI 10339 [120]. The Air Change Rate has been fixed to 0.5
h, in order to guarantee the required comfort conditions fixed by the standard UNI EN 15251 [121].
The dwelling is occupied by a family with four people (two working adults and two young students).
Standardized factors of ASHRAE Standard 90.1-2004 have been used for occupancy and plug-loads
that were modelled with typical schedules for residential kind of use [122]. LED lamps (50-90 Im/W)
have been chosen to model light equipment. Indeed, an hydronic air-conditioning system have been
chosen, according to TABULA WebTool [123] reporting the most diffused technologies in the last
years used in residential buildings. Type 600 have been used to model 2-pipe fan coils able to deliver
heating and cooling energy to the air stream inside the building.

&

Figure 62 Building 3D model

82



The building performances have been simulated in Messina, Rome and Milan. These cities are
characterized by different climatic conditions well representing the variability of Italian climates.
Weather data and reference heating periods for each location are showed in Table 19.

During the winter, the heating set point temperature is 20 °C with an Upper dead band of 2 °C and a
Lower dead band of -0.5 °C. The daily heating schedule is characterized by the reference zone and in
particular:

ZONE B: 8 hours from 8.00 to 10:00, from 17:00 to 23:00.

ZONE D: 12 hours from 8.00 to 14:00, from 17:00 to 23:00.

ZONE E: 14 hours from 8.00 to 16:00, from 17:00 to 23:00

Table 19 Weather data and reference heating periods for each location

Location Messina Rome Milan
Minimum an[rllé?]l temperature 118 77 19
Maximum an[rltgl temperature 6.5 244 238
Mean annual temperature [°C] 18.5 15.7 13.1

Latitude 38°11'39"48 N 41°53'35"N 45°28'01"N

Longitude 15°33'1"80 E 12°28'58"E 9°1124"E

Climatic Zone B D E
Heating Period 1 December-31 1 November-15 15 October-15
g March April April
Degree days 707 1415 2404

In summer, the house is cooled at 26 °C with an Upper dead band of 2 °C and a Lower dead band of
-3 °C. The same daily schedule is considered for all locations because a reference daily cooling period
isn’t defined by Italian law. Therefore, the dwelling is cooled from 8:00 to 20:00 every day during
the cooling season.
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4.6. Integrated Building-Plant CCHP Model

The CCHP plant and the building, described in the previous section, have been implemented in
TRNSYS 18 dynamic simulation software [124], as shown in Figure 63.

£ IR
Weather NZEB BUILDING 4
; [ [ s ;
L v
T '
Q * Fan-CoilLIV
[ -
PV plant [ PIN :
-------------- [E— -o-@ . >
7 Fan-CoilR1 & ’a s
' i,
> /' —‘ H E Collectors
PCOOLING DIVERTER s : MIXER
Fan-CoilR2
R
> Fan-CoilSecond T . \ e K
--------------- S . . \
E- i o1
& MIXER_AC .
AUX HP Cosling mode N AC = Tank
Fan-CoillIV-2 | @

; . .
< . N ; ) . = P_ORC_AC
S DIVERTER2 | - @ i N Ly

PHEATING ! FanCoiR12 | MIXER Heating Control
| | & Q)
R o fo : h o
B W .20 e
Fan-CoilR2-2 i
Fan-CoilSecond-2
== . -
S —a® j L
§> !
AUX HP Heating mode AC2

Figure 63 Scheme of the TRNSYS model

TRNSYS simulations are constructed by connecting individual component models (known as Types)
together into a complete model. Many components of the CCHP system have been modelled by
means of existing Types from TRNSYS libraries while a specific subroutine for the ORC unit has
been customized in Matlab [125]. The main components of the model are: Type 56 for the Building;
Type 1b for the solar field; Type 194 for the PV plant; Type 4 for the Thermal Energy Storage (TES);
Type 155 for calling Matlab subroutine; Type 909 for the adsorption chiller; Types 1246 and 659 for
the Heat Pump during cooling and heating mode respectively; Type 600 for the Fan-coils. Types used
for the model of ORC and AC units were modified with User-provide files that reply to experimental
performance data obtained by a full characterization of the real ORC and AC prototypes, at University
of Bologna and at CNR - ITAE respectively. Weather data in terms of solar radiation and ambient
temperature have been taken from Meteonorm database [126] on an hourly basis.

Type 1 models a flat plate solar thermal collector using a quadratic efficiency equation from the well-
known Hottel-Whillier equation:

aT) (4T)?
Nrpc = g — A1 —— — Az (24)
Ir Iy
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where ao, a1 and a, are three coefficients which depend on the type and model of the collectors; I is
the Irradiation and AT is equal to the difference between the collector inlet temperature (Ti) and the
ambient temperature (Ta).

The thermal power delivered to the fluid is described by (25):

Qrpc = Mppc Cp- (TFPC,out - TFPC,in) (25)

The water flow rate of the solar circuit Mepc has been set at 100 kg/h and the pump is controlled by
a thermostat. The controller turns on the pump only when the outlet temperature from solar collectors
(Tepcout) is higher than the average temperature of the TES (Tes).

Photovoltaic panels have been modelled by means of Type 194 using parameters and reference
conditions from commercial modules.

4.7. Future Strategies of Optimization - Integration
of a Commercial Hybrid Chiller

Different innovative technologies are available for reducing the CO2 emissions of the industrial sector
through energy efficient processes.

The possibility of integrating thermal and electric chillers into hybrid units is thus one of the popular
options put forth in recent years by manufacturers and in the scientific literature.

The chillers produced by FAHRENHEIT as commercial machines were considered. FAHRENHEIT
IS a company, based in Germany, founded in 2002 as a spin-off of the Fraunhofer Institute for Solar
Energy Systems (ISE). The company, a pioneer in adsorption technology, designs and manufactures
advanced and innovative adsorption cooling devices to provide energy efficient cooling solutions
[127].

FAHRENHEIT adsorption chillers can be used wherever residual heat is available, leading to a new
dimension of energy efficiency as they do not rely on electricity for cooling. Its chillers and adsorption
modules find application in industrial manufacturing, air conditioning, data centers, solar cooling and
various other applications. They can also lead to significant savings in energy and CO2 emissions in
mobile applications such as automobiles and transport cooling systems.

The commercial hybrid chiller considered consists of two units connected in parallel: an adsorption
unit employing silica gel/water as working pair and a compression chiller using R134A as the
refrigerant. It consists of a “parallel” connection of a thermally driven unit and a traditional vapour
compression unit with a total cooling capacity of 46.7kW and a COP up to 0.65. The connection
between them is made through a hydraulic circuit. The useful effect to the user is the cooling effect
at the evaporator of the compression chiller (ChT circuit). The integrated compression chiller covers
peak and bridge loads and provides additional fault tolerance and optimal energy efficiency. The
nominal adsorption and compression cooling capacities achieve values up to 16.7kW and 30kW
respectively with a total cooling capacity of 46.7kW and a COP up to 0.65.

The additional compressor has the rated capacities:

P=30.0 kW at LT_out 16°C

P=25.4 kW at LT out 12°C

P=21.3 kW at LT _out 7°C
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The schematic of the hybrid chiller is presented in Figure 64.
It allows to exploit the benefits and main peculiarities of both components:

- sorption systems have electricity consumption extremely low and need limited maintenance.
Use of Water as a refrigerant with 0 GWP and 0 Ozone Depletion Potential (ODP)

- electric chillers offer high precision in temperature regulation and fast response to temperature
fluctuations.
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Figure 64 Schematic of the Hybrid chiller
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5.RESULTS
5.1. Results first CCHP Model

This section presents the most representative results obtained from the experimental setup and the
simulations. Due to the large quantity of results and variables, the analysis is focused on a
thermodynamic analysis, efficiency and energy flows. The performance of the plants has been
evaluated in terms of electric and thermal energy production on a monthly and yearly basis.
Furthermore, the following efficiencies have been assessed:

e the solar field efficiency (nsr), defined as the ratio between the output power from the solar
collector and the input solar power;

o the electric efficiency of the ORC (norc.er), defined as the ratio between the output electric
power and the inlet thermal power to the ORC;

e the coefficient of performance (COP), i.e. the ratio between the cooling power and the input
thermal power of the adsorption chiller.

e the global efficiency (ngiobar), defined as the ratio between the useful electric, thermal, cooling
energy and the inlet thermal energy from the solar field and the auxiliary heater.

As expected, the output energy from the 80 m? solar field, located in Rome, is much lower than the
input solar radiation, while it is equal to the input energy to the TES because of the plant
configuration. Consequently, the mean annual conversion efficiency of the solar field is about 33%.
Figure 65 report the monthly energy balance of the plant. As reported, the load is fixed and increase
in summer season with the useful solar energy achieving the best performances.
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Figure 65 Monthly energy balance of the plant.

Figure 66 reports the yearly energy balance of the plant. The different sectors of the pie chart refer to
the energy input to the AC and ORC subsystems and to the losses in the TES. It is evident that a
global efficiency decrease is due to thermal losses and irreversibilities.
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Figure 66 Yearly thermal energy balance

The performance of the plant has been then analyzed on an hourly basis for typical working days in
winter and summer as reported in Figure 67. As expected, the thermal energy collected from the solar
field during a typical winter day is lower than in a typical summer day, and it’s evident a large raise
of the Tin,orc in the summer case. In this case the exceeding energy is stored in the TES. The ORC is
switched on when the TES average temperature reaches upper bound and works till the temperature
decreases down to the bound (65 °C).
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Figure 67 Daily trend of temperature for typical days in (a) winter and in (b) summer.

Table 20 summarizes the main performances parameters of the system. The yearly global efficiency
of the plant achieves 63%.

Table 20 CCHP Performances

140.6 MWh
46.5 MWh
33%
973 kWh

26426 kWh

2114 KWh
8%

17611 kWh

22681 kWh

5070 kWh
0.29
63%
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5.2.  Results Integrated Building-CCHP Model

The most representative results obtained from the simulations of the Integrated Building-Plant CCHP
Model are presented in this section. The performances of the plants have been evaluated in terms of
electric and thermal energy production on a monthly and yearly basis.

Thermal and electric loads

The building has been simulated in Messina, Rome and Milan. These cities are characterized by
different climatic conditions and, thus, there is a high variability of thermal and cooling loads for each
location. Figure 68 shows that the cooling energy demand of the building located in Messina is
significantly higher than the other cities because of the high value of irradiation during summer
period. On the contrary, due to the longest heating period and the lowest mean temperatures, the
building located in Milan has the highest value of annual heating demand.

The base load of energy demand is covered by the AC unit while the peak of the load profile is
delivered by the reversible HP. The CCHP system located in Messina covers almost completely the
small heating demand but only the 35% of the cooling demand. The HP and AC working hours for
Messina result comparable during the whole year and it is evident the AC results undersized. In Rome,
the AC unit covers the 94% and 44% of the heating and cooling demand respectively. Finally, in
Milan, the auxiliary HP covers only peaks of load profile during the coldest months while, in summer,
the AC covers the entire cooling load. A summary of annual Heating and Cooling energy demand for
each location is reported in Table 21.

3000
2500
=
2000
=
=
~ 1500
oo
2 1000
L
500 -
0 | H = |
\’b‘(\ <<éa° @\'b‘\ ?‘Q é\,g\ \\}(\ \Q’ V'\)% G)Q'Q O(' éOA QQ'(‘
Month
B Heating AC m Heating HP m Cooling AC = Cooling HP
a)

90



3000

2500

Energy [kWh]
S Z 8
o o o

500 I I
O Q0

\'b <<® @’b‘ ¢’b* \00 \'0\ v\)‘?a COQ’Q&’ O(’}' $°4 QQ’(J
Month
B Heating AC m Heating HP = Cooling AC © Cooling HP
b)
3000
2500
< 2000
2
— 1500
o0
€ 1000
. " “ m
\’b(\ Qéao é\é \,.Q‘ é\’b‘\ \0(\ \0\ o (_)Q,Q& oé e,
Month
B Heating AC m Heating HP & Cooling AC © Cooling HP
c)

Figure 68 Monthly distribution of Heating and Cooling energy demand for a) Messina b) Rome and c) Milan

Table 21 Summary of Heating and Cooling energy demand on annual basis for different locations

Messina  Rome Milan
Total Heating Energy [kWha] 1222 3415 10281
AC Heating Energy [KWhn] 1100 3197 7581
HP Heating Energy [kKWhn] 122 218 2700
Total Cooling Energy [kWhc] 7163 4757 2503
AC Cooling Energy [kWh] 2520 2073 2503
HP Cooling Energy [KWh(] 4643 2684 0
hac 2246 2366 2603
hup 2113 1532 940
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Figure 69a-c and Figure 70a-c report the following daily performance trends in winter and summer
season respectively: the amount of solar radiation incident upon the total collector area (ltt); the
output thermal power delivered from the Flate Plate Collectors (Q_FPC); the auxiliary thermal power
delivered to the TES from the electric resistances (Q_TES_aux); the input thermal power to supply
the ORC (Q_ORC in); the input thermal power to supply the AC (Q_AC in); the output electric
power produced by the ORC (P_ORC_el). During the heating period, the typical winter day
considered in Figure 69 shows that the input solar power is not enough to supply the CCHP and there
is a high amount of backup energy during working hours. The load profile depends on the location
and, thus, from the heating schedule of each climatic zone. For the city of Messina, the CCHP plant
is turned off during the night and works mostly in the late afternoon. Figure 69.b shows the working
strategy of the CCHP plant and the control unit turns off the ORC according to the building thermal
load profile. On the contrary, in Milan, the heating request is high and quite constant during the day
as shown in Figure 69c. In the last case, the most of all energy request is obtained from conversion
of PV electrical energy in thermal energy to charge the TES. In summer, as shown in Figure 70, for
Rome and Messina, the solar energy production is higher and capable to deliver a consistent fraction
of the energy required by CCHP system ranging from the 36% and 42%. In Milan, this fraction is
about the 14% due to a lower irradiation. During cooling season, the CCHP works all day long in all
three cities and turned off in the night. In all configurations, the net ORC electric power is about 1.2
kW, because supplied from the TES at a fixed temperature of 68°C.
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Figure 69 Daily trend of the plant performances for a typical winter day a) in Messina b) in Rome and c) in Milan
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Figure 70 Daily trend of the plant performances for a typical summer day a) in Messina b) in Rome and c) in
Milan

The electrical balance of the entire system for each location is shown in Figure 71 and summarized
in Table 22. The building load is quite constant all over the year and covered for the 16% by the ORC
electric energy production. This fraction can be increased using different management strategies of
the CCHP. The rest of the electric load, composed by the electrical energy consumed by resistances
of the TES and the auxiliary HP electric energy, is covered by the PV production and the electric
energy imported from the Grid. For the city of Milan, the PV plant results undersized due to the lower
irradiation thus a high amount of electricity is imported from the grid; however, the self-consumption
index results the highest with a value of 58%. In the middle seasons, when the CCHP is turned off
because there is no thermal load, the surplus of the PV production is fed into the grid.
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Figure 71 Electrical Energy contributions for a) Messina b) Rome and c) Milan on monthly basis

Table 22 Electrical performances on annual basis for different locations

Messina  Rome Milan
Building load [KWhe] 6203 6203 6203
HP Electrical Energy [KWhe] 1579 950 940
TES Backup Electrical Energy 16753 18888 28104
[KWhe]
PV Electrical Energy [kWh] 26480 24547 18674
ORC Electrical Energy [kWhe] 1069 1059 1071
Electric Energy from the Grid 12862 14285 21590
[kWhe]
Electric Energy to the Grid 17762 15842 9162
[kWhe]
Self-consumption index 40% 42% 58%

In order to compare the performances of the proposed CCHP system, efficiencies of the main
components are reported in Table 23.
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Also the global efficiency of the system (ngioval,ccrp) is defined as the ratio between the useful electric,
thermal, cooling energy and the inlet thermal energy from the solar field and the auxiliary energy:

Eheating +Ecaoling +Eel,0RC

(26)

Nglobal,ccHP =
g ’ EppctEel,HPtEelTES

Table 23 Global CCHP performances on annual basis for different locations

Messina Rome Milan
NFPC 11% 10% 7%
Seasonal COPh ac 1.3 1.3 1.3
Seasonal COP¢ ac 0.26 0.26 0.26
TORC el 7% 7% 7%
Tglobal, CCHP 32% 32% 42%

The results have been compared to similar studies. Cioccolanti et al. proposed an experimental small
scale prototype system composed of a 50m? CPC solar field, a 3.5 kWe ORC plantand a 17 kWc
absorption chiller in [128]. Results showed a global efficiency value of 24.4% and the ORC unit
reaches a mean electric efficiency of 4% during the whole year and a value of operating working hour
limited to 650h due to a the limited area of the collectors of 50 m?. Calise et al. designed and simulated
a prototype of a small-scale solar CHP system based on evacuated flat-plate solar collectors and
Organic Rankine Cycle and an average electric efficiency of 10% was found for the ORC. [129].
They can be comparable and show energy performances similar to this case study.

Energy and environmental analysis

The energy, environmental and economic performance of proposed system are compared with those
achieved by the reference system based on separated energy production. In the reference system, the
electric, cooling, and heating demand of the buildings are satisfied by the local electric grid, AC a
compression chiller with a COP. of 3.0, and gas fired boiler with a thermal efficiency of 0.92,
respectively. The average Italian efficiency of thermo-electric power plant mix is equal to 0.44.

The primary energy savings of the overall system:

PErer—PEccHP

PES = PErer 27)
Where the primary energy consumed by the reference system is:
PEye = PEneat + PEcoot + PErromria = 5220 + p_meosl— . Zelload 28)
The primary energy consumed by the simulated CCHP system is:
PEccup = PErromeria — PErogria = EEromGrid _ FToGrid (29)

NGrid NGrid
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In Eq. (28) and (29), PErromarid represents the primary electric energy withdrawn from the grid, while,
in equation (29) in case of insufficient electric production, PETocrid represents the electric energy
fed to the electric grid, in case of overproduction.

The environmental performance of the CCHP system is evaluated on the basis of on the equivalent
dioxide emissions reduction (COz avoided) respect to the reference system calculated in (30):

COZ,avoided = f602 : (PEref - PECCHP) (30)

Where fcoz, the Italian CO. emission factor, is set at 0.39 kgco2/kWh [130].
Results of the energy and environmental analysis are shown in Table 24.

Table 24 Energy and environmental analysis of CCHP, for different location

Location
Messina 1.53 11713 kgco2

Rome 1.16 9213 kgco2

Milan -0.01 -73 Kgco2

In particular, the PES is negative for Milan. Due to a lower Irradiation, the electric energy production
is not enough to feed the auxiliary heat pump for covering the heating demand and, thus, the PV plant
results undersized.

Economic analysis

In this section the energy, environmental and economic results as well as the sensitivity analysis are
presented.

The initial investment cost related to CCHP plant (ICcchp) is calculated summing the cost of all main
components of the system, Furthermore, an installation cost of 15% has been taken into account. All
specific costs have been taken from literature and the breakdown of the costs is showed in Table 12.
Unitary price of electric energy of 0.19 EUR/kWh. and of natural gas of 0.80 EUR/Sm?® were considered
as average seasonal values in Italy and were used to calculate the economic annual cost of the reference
system.

The Electricity is exchanged with the grid by means of a specific feed-in policy mechanism (“Scambio
Sul Posto”, SSP) designed to provides economical compensation to PV system owners. Under SSP, the
plant operator pays the supplier for the electricity consumed, while the Italian Electric Grid Manager
(GSE) gives credit for the electricity fed in. The balance is calculated once a year and this method can
lead to a surplus on behalf of the plant operator [131].
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Table 25 Breakdown of the costs of the CCHP system

Component Specific Cost Total Cost
PV system 1700 EUR/KW 17000 EUR
Flat Plate 300 EUR/KW 18000 EUR
Collectors
TES 2000 EUR 2000 EUR
Adsorption 1700 EUR/KW 7500 EUR
Chiller
ORC 5000 EUR/kWe 15000 EUR
Heat Pump 6000 EUR 6000 EUR
Total sum 64000 EUR
Installation Cost +15%
Total ICcchp 73500 EUR

The Net Present Value (NPV) has been calculated in order to analyze the profitability of the investment
according to (31):

NPV = 35 31)

k=0 (1+p)k

Where Fy is the net cash inflow-outflows during a single period k, “i” is the discount rate of return fixed
at 0.04, and n is the amount of years of the useful life of the plant.

Initially, the Simple Pay Back (SPB) has been evaluated without considering any type of incentives, in
order to perform the economic analysis according to (32):

NPV = 3578 k= (2)

k=0 (14+pk

Considering Table 26and Figure 72, a SPB over 25 years has been obtained. This payback period is not
acceptable. However, in Italy the economic feasibility of these systems is supported by economic
incentives.

Thus the SPBinc has been evaluated, taking into account an incentive about the covering of 65% of the
initial investment cost related to the CCHP plant [132];
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Figure 72 NPV for different locations a) without incentives and b) with incentives

Table 26 Economic analysis of CCHP, for different locations without incentives and with incentives

Location NPV (25y) SPB NPVinc SPBinc
Messina -853 EUR >25y 47000 EUR 6y
Rome -2342 EUR >25y 45500 EUR 7y
Milan 7750 EUR 22y 55500 EUR 6y

It’s reasonable considering an economic feasibility with a SPB of 10 years. The minimum incentive
to achieve this value is about the 50% of the initial investment cost. Thus, the CCHP feasibility can
be evaluated also taking in account other values for nations with different economic support
mechanisms.

The overall economic performances have been compared to other works as well as done in the energy
analysis. Taking in account as reference systems the previous works [128,129], values of PBT results
over 25 years and 13 years respectively. Considering a government’s financial support, the PBT can
achieve values of 13 years and 5 years for the considered configurations. Therefore, it can be
concluded that results above have been successfully validated on the basis of similar works available
in literature.
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6. CONCLUSIONS

In this work, a small scale solar CCHP system conceived for the residential sector has been
investigated by means of a dynamic model in TRNSY'S. The system is based on a 3 kW, ORC and a
4.4 kW, thermally driven Adsorption Chiller experimental prototypes and a solar field is supposed to
be the primary source. Nevertheless, the plant is able to work with any low temperature power supply.
The water heated in the solar collectors is used to feed a 2 m® thermal energy storage used as heat
buffer, which is provided with electro-resistances as supplementary thermal source to supply the ORC
unit and in cascade, the adsorption chiller. The system is also equipped with an auxiliary 6 kW
reversible heat pump to cover the peak of the thermal energy demand from the building. The main
innovation of the model is the integration of the micro-ORC unit with the adsorption chiller,
implemented on TRNSYS by user-defined types that use performance data obtained by a full
experimental characterization of ORC and AC prototypes, which are installed and currently working
at University of Bologna and at CNR - ITAE respectively. The dynamic performances of the
considered system have been evaluated with respect to a real “nearly zero energy building” (NZEB)
located in three different cities representative of the Italian climatic zones: Messina, Rome and Milan.
Results of simulations, which have been carried out on hourly basis, revealed the great influence of
solar radiation and weather conditions on the effectiveness of the system. The CCHP plant works for
about 2400 hours per year on average with different load profiles and can achieve a global efficiency
ranging between 32% and 42%.

A techno-economic analysis was carried out and the payback period of the analyzed solution results
in more than 25 years unless economic support mechanisms are considered. If the initial cost is
supported by economic incentives, the economic analysis shows that the proposed CCHP system can
achieve a Pay Back Time of 6 years with a Net Present Value of 50 KEUR at 25 years. The economic
feasibility of the CCHP system can be achieved also for different government’s financial support
considering a minimum economic incentive of 50% of the initial investment cost.

On the experimental side, a novel Adsorption Chiller prototype has been designed and realized. Each
component has been modelled, manufactured, and tested on a dedicated test bench. The final prototype has
been at least assembled and is currently under characterization by means of the full-scale test station located
at the "TEST CENTER" of the C.N.R. .T.A.E. to define a complete performance map in the typical operating
conditions of the application subject of this project. Preliminary tests have been carried out and the maximum
Cooling Capacity is achieved at the cycle time of 5 minutes.

In conclusion, this PhD activity has highlighted the potential of solar driven micro-CCHP systems
for residential applications, and its economic feasibility if government’s financial support is available;
moreover, the proposed model can be adopted as a tool for the design of similar systems by redefining
the different subsystems according to the desired technology.

Future activities will be dedicated to validation of the proposed model by means of a lab-scale
installation at the CNR ITAE labs. Also, many strategies of optimization of the studied CCHP system
will be analyzed to achieve better performances, including the possibility of integration of hybrid
chillers.
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