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Preface

This project was carried out within the Technology Collaboration Programme on Heat
Pumping Technologies (HPT TCP) which is an Implementing agreement within the
International Energy Agency, IEA.

The IEA

The IEA was established in 1974 within the framework of the Organization for Economic
Cooperation and Development (OECD) to implement an International Energy Programme. A
basic aim of the IEA is to foster cooperation among the IEA participating countries to increase
energy security through energy conservation, development of alternative energy sources, new
energy technology and research and development (R&D). This is achieved, in part, through a
programme of energy technology and R&D collaboration, currently within the framework of
over 40 Implementing Agreements.

The Technology Collaboration Programme on Heat Pumping Technologies (HPT TCP)
The Technology Collaboration Programme on Heat Pumping Technologies (HPT TCP) forms
the legal basis for the Heat Pumping Technologies Programme. Signatories of the TCP are
either governments or organizations designated by their respective governments to conduct
programmes in the field of energy conservation.

Under the TCP collaborative tasks or “Annexes” in the field of heat pumps are undertaken.
These tasks are conducted on a cost-sharing and/or task-sharing basis by the participating
countries. An Annex is in general coordinated by one country which acts as the Operating
Agent (manager). Annexes have specific topics and work plans and operate for a specified
period, usually several years. The objectives vary from information exchange to the
development and implementation of technology. This report presents the results of one
Annex. The Programme is governed by an Executive Committee, which monitors existing
projects and identifies new areas where collaborative effort may be beneficial.

The Heat Pump Centre

A central role within the HPT TCP is played by the Heat Pump Centre (HPC). Consistent with
the overall objective of the HPT TCP the HPC seeks to advance and disseminate knowledge
about heat pumps and promote their use wherever appropriate. Activities of the HPC include
the production of a quarterly newsletter and the webpage, the organization of workshops, an
inquiry service and a promotion programme. The HPC also publishes selected results from
other Annexes, and this publication is one result of this activity.

For further information about the Technology Collaboration Programme on Heat Pumping
Technologies (HPT TCP) and for inquiries on heat pump issues in general contact the Heat
Pump Centre at the following address:

Heat Pump Centre

c/o RISE - Research Institutes of Sweden
Box 857, SE-501 15, BORAS, Sweden
Phone: +46 10 16 55 12
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EIA
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GAHP
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GHP
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HEX
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Adsorption Heat Pump

Adsorption Heat Exchanger

Auxiliary Energy Factor

Auxiliary Electric Heater

Building Services Research and Information Association
Commitee on Climate Change

Climate Classifications

Combined Heat and Power

Consiglio Nazionale delle Ricerche - Istituto di Tecnologie Avanzate per Energia
Coefficient of Performance
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Domestic Hot Water

Department of Energy
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Gas Absorption Heat Pump

Gross calorific value

Gas Engine Heat Pump
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Heat Exchanger
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HS Hydraulic Separator

HSPF Heating Seasonal Performance Factor
HTF Heat Transfer Fluid

IEA International Energy Agency

MFH Multi-Family House

MOF Metal-organic framework

oDP Ozone Depletion Potential

PEF Primary Energy Factor

PER The Primary Energy Ratio indicator

PST Partial-Support-Transformation

QNc Rated cooling capacity

RECS Residential Energy Consumption Survey
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SFUE Seasonal Fuel Utilization Efficiency
SGUE Seasonal Gas Utilisation Efficiency (SGUEh in heating mode, SGUEc in cooling mode)

SGUENCV SGUE based on the Net Calorific Value

SMTI Stone Mountain Technology Inc.
SPER Seasonal primary energy efficiency (SPERh for heating mode, SPERc for cooling mode)
TDHP Thermally Driven Heat Pump
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Summary and Outlook

Fuel Driven Sorption Heat Pumps (FDHP) are known for many years as an interesting option in many
cases for efficient heating of buildings and domestic hot water preparation as well as industrial heat
supply, using fuel (gas or oil) to run a heat pumping process based on ab- or adsorption processes.
Though market available for a long time, they still represent a niche market compared to mechanical
driven vapour compression heat pumps and even more compared to gas condensing boilers.

This IEA-HPT Annex 43 “Fuel Driven Sorption Heat Pumps” started as a follow-up of Annex 34 “Thermally
driven heat pumps for heating and cooling”, now with a narrow focus on fuel driven sorption heat
pumps for heating applications to widen their market penetration.

The technology of sorption heat pumps suffers from various obstacles. There are still technical barriers
like complexity, power density and in some cases long-term reliability, but mainly cost reasons as well as
lack of knowledge and trust of customers, installers and decision makers. Until now, fuel driven sorption
heat pumps need to compete especially with gas condensing boilers.

Therefore this Annex aimed to overcome some of these barriers, bringing researchers and industry
together to develop new, more efficient and cost effective appliances and generate trust and awareness
by the means of workshops, conference participations and publications as well as more available best
case examples. Several workshops and two conferences dedicated to sorption heat pumps with large
industry participation are among the highlights of this highly interactive working group.

Also missing knowledge about the possibilities of this type of heat pumps and the pros and cons
compared to different heating technologies as well as missing standards and performance evaluation
tools have been addressed within this framework. The open source software tool SorpSim was enhanced
by members of this Annex and much more knowledge and data have been generated and added to a
database of sorption materials.

A round robin test of different performance evaluation standards has been carried out on a market
available gas driven adsorption heat pump among four labs and pre-normative work was fed into the
normative bodies. Especially the European standard EN12309 has been within the focus of this pre-
normative work

Three simulation studies have been carried out to model the role of FDHP in different markets and to
determine best types and system configurations for different applications. This information was used to
derive a potential road map for a market increase for this technology. FDHP are a competitive option e.g.
for multi-family homes with higher heating supply temperatures. They can become very attractive as
well for other cases when wall-hung solutions are developed.

But not all expectations could be met. Some companies stopped their engagement in this field during the
lifetime of this Annex and therefore fieldtesting could not be done in the planned extent.

Nevertheless there is still a lot more work to do to give this technology a robust place in the family of
heat pumps.
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There are still several companies developing new types of fuel driven sorption heat pumps and most
members of this Annex will continue their work within the framework of the EHPA Working Group
Thermally Driven Heat Pumps.
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1.

Introduction to Fuel Driven Sorption Heat Pumps

1.1 The Scope of the Annex

The scope of the work under HPT TCP Annex 43 was the usage of fuel driven sorption heat
pumps in domestic and small commercial or industrial buildings or applications. The main goal
was to widen the use of fuel driven sorption heat pumps by accelerating technical development
and market readiness of the technology, as well as to identify market barriers and supporting
measures. Moreover, a field test as well as proposing performance evaluation figures and

optimal system layouts were among the planned means of this Annex.

The objectives were grouped into the following task structure shown in Fig. 1-1 and adopted by

the partners:
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1.1.1 Task A: Generic systems and system classification (Fraunhofer ISE)

It was necessary for the purposes of comparing sorption systems to categorize and classify them by heat
source, type of heat distribution (Low temperature radiators, underfloor heating etc) and by the fuel
used. In addition, the safety and other regulations applying to different types in different countries
needed to be compared. This information has been compiled, together with status and market prospects
in a series of Country Reports.

1.1.2 Task B: Technology transfer (University of Warwick)

Warwick facilitated the knowledge transfer between partners and also developers / manufacturers
prepared to share their experience. The purpose was to inform Task D below as well as disseminating via
national meetings and reports. Results are presented in chapter 2 of this report.

1.1.3 Task C: Field test and performance evaluation (Politecnico di Milano)
Measurement/monitoring procedures and standardisation (e.g. how to cope with different fuel quality,
system boundaries, aux. energy etc.) was an important issue to be addressed. The work from the IEA
Annex 34 (Thermally Driven Heat Pumps for Heating and Cooling, 2009-2012) and Task 44 (Solar and
Heat Pump Systems 2010-2013), has been continued and standards extended to seasonal performance
factors at the system level. Procedures have been established in cooperation with IEA SHC Task 48
(Quality Assurance & Support Measures for Solar Cooling Systems). This activity was planned to be
backed up with laboratory testing and field trials. Due to lack of field test ready systems, field trials have
not been done in the previously expected amount. Results can be found in chapter 3.

1.1.4 Task D: Market potential study and technology roadmap (CNR-ITAE)

Simulation studies were performed to evaluate different technologies in different climate zones,
different building types and building standards. The results of the studies were combined with the
market data and actual building stock to derive a technology roadmap, which is presented in chapter 4.

1.1.5 TaskE: Policy measures and recommendations, information

Another task of the Annex 43 was the dissemination of the knowledge, e.g. in workshops for planners,
installers and decision makers as well as the development of recommendations for policies like building
codes and funding schemes. Several national and international workshops have been organized and are
reported in the annual reports.

1.2 State of the Art

Heat pumps for heating and domestic hot water preparation can be realized in several ways. Most
commonly, an electrically driven vapour compression cycle is used. Apart from this, there are other ways
of pumping heat from an environmental low temperature heat source to heating supply temperature: a
vapour compression cycle can also be driven by a gas engine (Gas Engine Heat Pump, GEHP). Furtheron,
ad- and absorption cycles can be used. Annex 43 focused on ad- and absorption heat pumps which are
run by a fuel boiler (gas or oil).
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1.2.1 Background

Basically, a heat-driven heat pump/chiller works at three levels of temperature: the machine is driven by
a heat source at high temperature Ty, heat is rejected at medium temperature T,, and extracted at low
temperature T.. The heat rejected at medium temperature is the useful effect provided in heat pumping
operation. The cold produced at low temperature is the useful effect provided in chilling mode.

Basic thermodynamics limits performance in the same way as for mechanically driven systems (Fig. 1-2)
with COP being a function of the three temperature levels; the upper limit for T, = 200°C, T,, = 45°C and
T.=-5°C would be 2.8 but half the Carnot limit would be typical. Additional discussions of performance
limits is provided in [1] and [2].
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Fig. 1-2: Ideal thermodynamic limitations

The most important representatives of heat-driven cooling systems are absorption and adsorption
closed-cycles. Other options are also available and are discussed in the former IEA HPT Annex 34 report

[3].

Sorption technologies range from small units of 10 kW (or even less) to huge units of a few MW, and may
be driven by a large variety of heat sources, including waste or solar heat and direct combustion of fuel.
Another advantage is the utilization of a “thermal compressor” instead of a mechanical compressor,
ensuring silent operation, which is particularly attractive for application in buildings like residential
houses, museums, theatres, etc. An additional advantage of thermally driven heat pumps compared to
compression heat pumps is much lower need of ambient heat which can make a big difference in terms
of noise especially when air is used as heat source.

An overview of thermally driven technologies, including open sorption, closed sorption and thermo-
mechanical cycles, and their application to micro CHP, is provided in [4], [5] and [6]. Further details of
matching thermally-driven equipment to engine waste heat sources are discussed in [7]. Solar cooling
options are reviewed in [8].
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1.2.2 Liquid absorption and solid adsorption closed-cycles

Both technologies are based on a working pair of a refrigerant and a sorption medium. In absorption
devices the refrigerant is absorbed, i.e. dissolved, in the liquid sorption medium changing its
concentration. The most common working pairs are Lithium Bromide/Water (Fig. 1-3) and
Ammonia/Water [9]. In case of adsorption chillers, the refrigerant is adsorbed in the pores of the solid
adsorption medium. The most common working pairs are Zeolite/water, Silica Gel/water, Activated
carbon/ammonia, and Activated carbon/methanol [10] and [11]. The technologies are
thermodynamically similar and have an analogous basic configuration, which consists of four main
components: a reactor termed a generator, where the sorbent (liquid or solid) is heated at high
temperature; the condenser, where the desorbed refrigerant vapour is condensed into liquid; the
evaporator, where the cooling effect is produced; a reactor called ab-/adsorber that receives refrigerant
vapour from the evaporator. In the case of liquid absorption machines, a pump is used to continuously
circulate the rich solution from the absorber to the generator and the weak solution back to the
absorber. The two reactors of a solid adsorption machine operate in counter-phase to ensure continuous
useful cooling effect and are alternatively heated for desorption and cooled for adsorption. Unlike an
absorption machine, a circulation pump is not required. A more detailed description of the absorption
and adsorption cycle is given in the former IEA HPT Annex 34 report [3].

[‘[e" ..

High pressure water
vapour

Generatqr

Strong soli:Jtiun TWEa

solution High pressure
liquid

Solution H.Ex.

—_ _ThTDtlli‘E' . . S'qlll:l'tiﬂﬁ ............ Throttle—<— - —
' pump

1
i Low pressure water

| vapour
. P

-----*—----- -

‘Thermal

|- compressor’ t Qe
Abs

Fig. 1-3: Simple water - LiBr absorption cycle schematic

The evaporator and condenser have the same function as in mechanical vapour compression cycles and,
in the case of high pressure refrigerants such as ammonia can be standard components. Where the
refrigerant is water or methanol, specially designed evaporators and condensers are needed because of
the very low density of the refrigerant, particularly in evaporation. Routing the refrigerant through
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conventional tubes would result in pressure drops resulting in much reduced performance. It is common
to house a pool boiling or falling film evaporator or generator in the same vessel as the ab-/adsorber to
avoid this. Liquid absorbers are commonly of the falling film type.

Adsorption generators are very different in that the adsorbent stays within the vessel and must be
alternately heated and cooled. Loose packed adsorbents have very low thermal conductivity (c. 0.1
W/mK) and so heat transfer is a major challenge. Attempting to improve heat transfer with, for example,
large numbers of fins can be counterproductive, because of the thermal mass of the fins and vessel.
When the whole assembly is heated and cooled through one cycle, a certain fixed amount of heat is
pumped from a low to a high level. The heat that enters the adsorbent is useful but the heat that simply
raises the temperature of the vessel and fins is wasted. Some of this heat can be recovered but
minimising the thermal mass of the container and any inert material that is cycled in temperature is
essential. Previous solutions have included lightweight plate fin-tubes, micro channels, micro-tube in
shell, finned tubes, etc.

In order to increase the performance of the machines, some more sophisticated configurations have
been developed, such as double and triple effect liquid absorption machines and multi-bed (Fig. 1-4) or
thermal wave solid adsorption machine (Fig. 1-5). Also combinations of single and double effect chillers
are possible. See [12] as an example. Such advanced configurations are thermodynamically more
efficient but may be driven by a heating source at higher temperature and usually require complex
hydronic arrangements and elaborate control strategies.

Table 1-1 summarises the technologies, the pairs used and compares the main properties and
performance of the most used thermally driven products.

More details on Ab- and Adsorption Heat Pumps can be found in Final Report IEA HPT Annex 34 [3].
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Fig. 1-5: Thermal wave adsorption heat pump patented by Shelton. - Wave Air Corporation, 1993. Solid-Sorption Gas Heat
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Pump: Technology and market description, internal report, August 1993.

Table 1-1: Available thermally driven sorption heat pumps

Process Adsorption Absorption
Refrigerant/sorbent water water water/LiBr water/LiBr ammonia
silica gel zeolite Single-effect double-effect water
Temperature 60-90 75-150 75-110 135-200 100-180
Heat source [°C]
Capacity [kW] 7.5-500 7-15 15-12000 200-6000 18-700
COP heat pumping 1.4-1.6 1.15-1.5 1.4-1.6 1.8-2.2 1.4-1.6
COP cooling 0.5-0.7 0.4-0.6 0.6-0.7 0.9-1.3 0.5-0.7

18




1.2.3 Alternative TDHP Technologies
Alternative TDHP technologies to ab- and adsorption cycles are available and were partly discussed
within the IEA HPT Annex 43 framework. Such cycles are e.g.:

e TDHPs based on the double Rankine cycle (presented by Ecole Polytechnique de Lausanne);
e Boostheat principle (GRDF, Boostheat)

BoostHeat (France) have been developing a ‘thermal compressor’ (not a sorption device) for nearly five
years [13, 14]. It uses carbon dioxide as a working fluid with heat input at high temperature (600 °C) from
a gas flame. Predicted performance (also proven in prototype measurements) is good at a GUE of 1.75
(gross, -10/55 °C) in a 20 kW unit. A 20 kW machine was launched in 2018 for sale in France, Germany,
Belgium and Switzerland at a cost of €14,300 for the unit and an estimated installed cost of €21,000. The
size is 1850x600x880 mm indoor unit and 1020x1130x500 mm outdoor unit [14].

Another option of a TDHP is the ORC-ORC cycle. ORC stands for organic Rankine cycle. In power plants a
clockwise operated ORC process can be used to convert heat to mechanical (and with the usage of a
generator into electrical) energy. A counterclockwise ORC can be used as heat pump powered by
mechanical energy. In an ORC-ORC process the mechanical energy of the clockwise ORC is used to power
the compressor of the counterclockwise ORC. Therefore such a device is a thermally driven heat pump.
More information about this technology and first results of a new prototype can be found in [15-17].

Thermally driven heat pumps/air conditioners using environmental friendly refrigerants represent an
energy efficient technology. Their use, in comparison with traditional electrically driven vapour
compression systems, can create a benefit in terms of reduction of electricity peak load, mitigation of
Global Warming Potential and of primary energy saving, especially when waste heat or solar energy are
used as the driving energy (for cooling). Gas-driven heat pumps for heating represent a follow-up
technology to make more efficient use of gas for heating and domestic hot water (DHW) preparation
than conventional condensing or non-condensing gas boilers.

1.3 Market overview

The heat pump has been globally identified as a technology which can reduce greenhouse gas emissions
locally, regionally and globally. Global heat pump market is projected to grow rapidly over the next few
years, owing partly to the growing urbanization in the developing countries across the globe and the
need to improve the air quality and reduce the greenhouse gas emissions simultaneously. According to a
market research company, the global heat pump market was valued at USD 53.14 billion in 2019 and
predicted to reach USD 98.39 billion by 2025 [18]. Due to technical improvements, the production cost
and the market price should continue to decrease.

Global heat pump market share was driven until now mainly by the Asia Pacific region (China, India, the
Philippines, Indonesia, and Malaysia). Subsidies to replace coal boilers with air-to-water heat pumps
through the “Coal to Electricity” program in northern China helped raise sales to 1.3 million units in 2017
[19]. Also, the European heat pump market has grown by double-digit figures successively for the fourth
year in a row. More than one million heat pumps were sold in Europe in 2018, or 12% more than in 2017.
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That brings the total number of installed heat pumps to 11.8 million, or on average of one for every ten
buildings, according to the European Heat Pump Association (EHPA). There is no consolidated data for
the gas heat pump market.

1.3.1 Global demand for heating

Most of the energy consumption in the households worldwide can be attributed to space heating.
Together with domestic hot water (DHW) production, it makes up to 60 % of the whole energy
consumption in residential buildings and just about 50 % in the commercial ones [20]. Fig. 1-6 shows the
world regions with heating and cooling demand, or both.

|:| Heating only ‘:I Cooling only \:’ Heating and cooling

Fig. 1-6: Classification of the global heating and cooling regions. World map of Képpen-Geiger climate classification (university
of Malbourne, 2010) as basis and category groups according to [21]

For example, the space and domestic hot water heating were the top two energy consuming applications
in the U.S. homes in 2015, according to EIAY's latest Residential Energy Consumption Survey (RECS).
Similar share for heating can be also found in Europe.

According to the IEA Organization, the energy use for space and water heating worldwide has been
decreasing steadily at a rate of 3 % annually since 2010 [19]. This trend should continue due to
improvements in the energy efficiency in the main space heating markets. Fig. 1-7 shows the percentage
of heat consumption for residential applications in different European countries:

lea us. Energy Information Administration



250

200

kWh/m?y

150 -

100 -

50

&

17% 2% 12% 2 ~—-Space heating demand
uy 2 : 4 w%
4 1 15% 12% - 0% 4 -_: 35% 3‘2% 0%
{ r 3 F 2 X 2 [ a3 [ 1% 2 ,Space cooling demand
L o % :1:' .{. =% % :E: s 2 2 :1:: 147
2 2 = % 2 37 1 = & J oz f =
o = 0% = - 5 X 1-23% 0 - 24% T 0% - 2 - 25% - 14%
::Z:lz“ :Z:Lf% =, :1:.0% Z;-m . :2" X A ; =y = 3" L 327% =3 ;::::m —Weighted average,
S e heated floor area, space
T Sy L, S Y o Y s Y Ty, S i w, o . heating demand
S Ty Y W Y E, B Ty Y :-:~/, 7 g
- N > " " & o N —Weighted average,
RGP SR L& @6\ & © @* o & 500 & cooled floor area, space
| IR RO N R & & 9 ¢ & cooling demand
Q [ & NS ] b{.
O QQ’ &q,
&
Country N

Fig. 1-7 Space heating and cooling demand per country, residential sector, kWh/m?y [22]

Until now, the energy consumption for heating was mainly based on fossil fuels and contributes with
electricity generation for 25 % the global energy-related CO, emissions [23]. Fig. 1-8 shows that less than
35 % of the global heat demand in 2017 was covered by non-fossil fuel equipment. However, a growth in
the sales of other heat equipment is expected, especially that of the heat pump units.
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Fig. 1-8 Heating technology sales in the Sustainable Development Scenario, 2010-2030. Source: [19]



1.3.2 Global energy demand for heating - possible development trends

As stated above, the heating system plays an important role regarding the possible reduction of CO,
emissions, especially in the existing building stock. Although fossil fuel based technologies currently
dominate the market, a diversification of technologies, system hybridization and broader usage of
energy storage as wellas an increasing share of renewable energy sources are expected. Moreover, new
technologies should be introduced and find its place in the heating market until 2030. According to
technology roadmap report for energy efficient builidings [24], the overall system optimization including
heat production, transfer, storage and distribution should yield an additional efficiency increase, which
will be accompanied with increasing investment costs in the residential sector. As shown in Fig. 1-9, the
heat pump market is expected to grow further in the next years, which will obviously cause the rise of
the accumulative investment expences in the residential sector, especially the introduction of the CHP?
technology will be costly at the first implementation phase until 2030, but it is expected that the costs
will fall in the subsequent period.

It is expected that the heating demand will continue to decrease due to investments in the building
envelopes, but the price will be higher cooling demand due to climate changes and internal heat sources.
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Fig. 1-9 Development of the market for heating and cooling technologies in the residential sector. Source: [24]

1.3.3 Germany - taking climate change into account

Since the global warming is unequivocal, many countries have set plans and goals to combat it. Germany
is one of the countries, which is at the front line when it comes to plans and measures to reduce the
greenhouse gas emissions. These measures are widely accepted by the general public with rising
awareness of eco friendly behavior. With the climate action plan 2050, which was presented in
November 2016, the German federal government confirmed and further specified its ambitious national

2 CHP: Combined heat pump



climate protection goals. It’s sticking also to its existing national goal of reducing its greenhouse gas
emissions by at least 40 % by 2020 in comparison to 1990. Latest calculations showed that the goal was
missed by around 5 %.

A study to identify the optimal technology mixtures both on the energy production and demand sides in
terms of overall annual costs until 2050 was carried out at the Fraunhofer Institute for Solar Energy
Systems and reported in [25]. The simulations were based on a comprehensive model of the overall
German energy sector which takes into account the geographical, political, social, economic and
technological characteristics of the location and forecasts their development in the upcoming decades.
Having the minimum cumulative cost of the transition from the current energy system to an energy
system with a substantial reduction of CO; emissions as the target function, the simulations yielded the
optimal technology mix for a number of different target values.

A large number of simulations with different targets and boundary conditions were carried out in order
to evaluate possible scenarios for future development. Almost all scenarios see a domination of heat
pumps as heating systems in buildings by 2050. For example, one prominent scenario has a target of

85 % CO, emission reduction compared to 1990 values. This scenario seems to be slightly optimistic since
the proclaimed policy of the German government sees an emission reduction of 80 % for the same time
period.

According to this scenario, most of the electricity will be produced by solar and wind power plants by
2050. Fluctuating electricity production will require considerable storage capacities to ensure a reliable
energy supply. In that context, production of combustibles by power-to-gas processes and usage of
current gas grid and its storage potentials will play a very important role in the future. This means that,
even in an electricity-dominated energy system, the need for efficient gas fired energy conversion
appliances using existing gas infrastructure will most probably exist.

The scenario sees a domination of heat pumps as heating systems in buildings by 2035 and a complete
takeover by late 2040s and foresees a considerable share of fuel driven heat pumps with a number of
installed units measured in several hundred thousands to millions as the year 2050 approaches.
Although this estimation seems to be rather enthusiastic considering just a couple of thousands of
currently installed units and not more than a handful of products available on the market, it shows the
potential of the technology if the presumed cost and efficiency targets are met and a decarbonisation of
energy system is pushed at projected pace. Needless to say, this estimation is highly dependable on a
number of factors, including further technology development and acceptance, future energy system
configuration, development of energy prices, incentive policy and development of competing
technologies, among many others.

The policy in Germany is currently discussing other measures to limit the CO; emissions such as the CO;
pricing as a further instrument for the reduction of greenhouse gases. It sets an effective upper limit
("cap") on the total CO, emissions that may be emitted by energy-intensive plants in the power
generation and manufacturing industries.



1.3.4 Heat pump market

1.3.4.1 Conventional heat pumps in Europe - current situation

Europe is estimated to be one of the largest contributing regions to the global heat pumps market in the
years ahead. The European heat pump market growth in the last years is considerably influenced by the
France’s rapid market growth. Spain and Italy are at the second and third place in European heat pump
market and together with France, they are making more than the half of the European heat pump sales
every year [26]. From Fig. 1-10 a few trends in several EU countries can be observed. Air-to-air heat
pump sales are advancing very quickly in the last years, followed by the air-to-water heat pump sales,
which are also rising. The sales of air-to-water heat pumps rose sharply in the last three years and this
trend is expected to continue in the following years. The sales of the ground source heat pumps (GSHPs)
declined from 2011 until 2015 but then remained stable until present. Currently, it is not expected that
this trend for GSHP will change in the next years [26].
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Fig. 1-10 Heat pump Sales development in Europe by technology, 2006-2018. Source: [27]

However, in order to achieve the European climate goals, the implementation of the heat pump
technology should be pushed forward and needs a more determining governmental plans to obtain the
desired results. In this context, the EHPA has estimated the potential sizes of heat pumps for several
European heating markets and and compared it to the actual market sizes, Fig. 1-11. It can be seen that



in most of the countries, only a small share of the total estimated market potential is being used.
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Fig. 1-11 Market potential vs. actual sales of heat pump units. Source: [27]

1.3.4.2 Conventional heat pumps in other regions - current situation

In the last decade, the heat pump market has witnessed a growth which was largely supported by
different regulations in some countries with considerable heating and/or cooling demands. For example,
the past decade has been a successful period for China’s heat pump market. Alone in 2016, around
160,000 new air-to-water heat pumps were installed in Beijing only in the framework of a China wide
“Coal to Electricity” program as a part of a wider effort to increase the usage of renewable energies and
to improve the air quality. According to some sources, the local government managed to reach 76.8 % of
the goal to exchange coal boilers with air source heat pumps [28] [29].

UK heat pump market for heat pumps is likely to double by 2025 following the announcement by the
government that gas heating will be banned in all new homes built after 2025 [30]. Accordingly, there



will be a significant growth in UK’s heat pump market in the next few years. According to one study by
the CCC's3, some 4.6 million heat pumps should be installed by 2030 [31] in the UK in order to achieve a
emission reduction which would contribute to the global climate goals. That means, that 265,000 units
would have to be installed every year. However, the current average annual sales over the last two years
were just around 22,000 units per year according to BSRIA* [32]. Further, a substantial growth in heat
market would correspond to a massive demand for electricity and would be a challenge for the UK’s
power grid.

Chine has currently the world’s largest heat pump market [28]. As can be seen from the Fig. 1-12, China
has also the world's largest market share of heat pumps in the residential heating market. It is followed
by the USA, where the heat pump market is recovering and expanding, due to the new regulation in
2018, which required a higher efficiency (HSPF?) for heating systems in the USA. With these new
standards it is expected to reach savings related to energy consumption of USD 12.2 billion after 30
years. Currently, there are 11.8 million units installed in the USA [33]. Inspite of the complicated
regulation for geothermal heat pumps, their share was still growing steadily until 2016 to make about 11
% of the whole heat pump share in the USA. This increase war a result the 30 % federal tax credit, which
lasted only until the end of 2016 and therefore, a decrease of the geothermal heat pumps shipments is
expected after that [34].

Rapid increase in the number of installed units in Europe has been observed in the Netherlands
(+62.8 %) and the Republic of Ireland (+47.0 %) [35]. However, these markets are relatively small and the
absolute number of units sold does not significantly contribute to the overall European sales.

3 ccc: the Committee on Climate Change
4the Building Services Research and Information Association

5 Heating Season Performance Factor: the higher the HSPF, the more efficient the heating performance of the heat pump.
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Fig. 1-12 Share of heat pump technology for heating purpose in different countries (Personal collection, Sources:[for UK [35],
for China [28], for Austria [36], for Canada [34], for the USA [37], for Germany [38])

1.3.4.3 Fuel driven heat pump market - current situation and perspectives

There are no consolidated data for the fuel driven heat pump market. Some estimation go from several
hundreds of units installed annually. Since its market entry in the mid-2000s and until 2010, only one
manufacturer (Robur S.p.A.) of gas driven heat pumps was active on the European market. With heating
capacities of around 40 kW the appliances were used mainly in small commercial installations. From
2010 onwards, a number of products aiming at single family house market — both new and retrofit —
were introduced by major heating equipment manufacturers. All available products were built using
sorption technologies. However, almost all these products have been removed from the market in the
last 2-3 years leaving Robur to be the sole provider of this technology once again.

Two main concepts were being pursued by the manufacturers: bivalent appliances with an adsorption
heat pump using water as refrigerant supported by a modulating condensing boiler. These units need a
heat source above 0 °C to avoid freezing — a ground heat source or solar collectors are needed. The
adsorption heat pumps were sized to cover only one part of the nominal load up to ca. 4-5 kW. The
concept did not prove to be interesting for the market and these appliances were withdrawn by the
manufacturers. Absorption appliances are monovalent machines and run with ammonia-water working
pair. Due to a lower freezing point of ammonia, they can operate with ambient air as heat source at
temperatures well below 0 °C. These units can modulate their output capacities in the range of ca. 30 to
100 % of nominal thermal power.
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Fig. 1-13 Overview of available (marked green) and withdrawn (marked red) GHPs in the European market with their main
characteristics
In 2019, a start-up company BOOSTHEAT SA brought up their heat pump to the market after eight years
of development. Unlike all other gas driven appliances for heating, it is not based on sorption technology
but uses an own-developed mechanical compression system.

It is expected that the main market, due to its size, availability of gas mains and technology
characteristics will be boiler replacement, especially in countries which are traditionally dominated by
this fuel. Fig. 1-13 gives an overview of currently available and withdrawn products with their main
characteristics.

Even though there are only a few products on the market for residential heating and sanitary hot water
application and a slow market development, a considerable amount of R&D activity is reported from
many countries. The current EU legislative, including the Ecodesign and the Energy Labelling Regulations
include the technology, which is a very important market drive. Further, gas heat pumps are explicitly
eligible to obtain the Heat Pump Keymark, the main voluntary quality scheme in Europe — also a very
important signal for the end consumers, as well as governmental subsidies, which are available for fuel
driven heat pumps in most of the principal European markets. There are testing and performance
standards available — both on the CEN and national levels. The CEN standards are currently in the
process of harmonisation with the Energy Labelling directive.

The main driver for these R&D activities in Europe is to find an efficient solution for retrofit for heating in
countries with well-developed gas grid. In the USA, the legislation on the minimum efficiency of sanitary
water heaters created a need for more efficient gas-fired appliances. Although the technology is seen in
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many studies as an important one in a future transitional energy system, especially in the residential
sector, the success of it depends on a number of boundary conditions. Success of current development
projects as well as further developments in the fields of material science, legislation, gas grid
decarbonisation, governmental policies and incentives as well as advances of competing technologies
(e.g. fuel cells) — just to mention a few — will have an influence on the market development in the
upcoming years.

2. Apparatus Technology, Material and Component Development and
Technology Transfer

2.1 Adsorption components

2.1.1 Overview on adsorber developments
University of Warwick Carbon/Ammonia Adsorber Development

Since ammonia is a high-pressure refrigerant, mass transfer is less of a critical issue in carbon/ammonia
adsorption heat pumps. The main challenge is to reduce the conduction path length in the low
conductivity active carbon material whilst minimising the thermal mass of the heat exchanger. Previous
designs at the University of Warwick used a shell and micro-tube heat exchanger as shown in Fig. 2-1
below. The 1.2 mm diameter tubes were on a 3 mm pitch, which gave a mean conduction path length of
only 0.5 mm.

Fig. 2-1: Shell and micro-tube sorption generator core

High specific heating powers of circa 2 kW kg adsorbent were achieved with a low thermal mass of
around 1 kg of stainless steel tube per kg of carbon. The drawback of this design was the number of
tubes required (around 3,000 for a 10 kW heat pump). Although the cost of the tubes was low, each
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generator required thousands of nickel brazed joints in the end plates — an expensive process with a high
probability of failure given the large number of joints.

This led to the development of a shell and finned tube heat exchanger design in order to reduce the
number of tubes required and reduce the production cost. This design achieves the same specific heating
power and thermal mass ratio as the micro-tube design but with a two orders of magnitude reduction in
the number of tubes required (s. Fig. 2-2). The design has been proven in small-scale large temperature
jump tests and is now ready for incorporation in a laboratory proof of concept system.

Fig. 2-2: Shell and finned tube heat exchanger

The target is to produce a 10 kW heat pump with a seasonal GUE of around 1.2 for a UK climate with 2
generators of approximately 6 litres each. Fig. 2-3 below shows the predicted performance for 55°C
delivery temperature and 10°C ambient.
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Fig. 2-3 Warwick heat pump model performance prediction
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Fraunhofer ISE / Fahrenheit GmbH Alumnium Fiber Adsorber Development

Fibrous structures as shown in Fig. 2-4 have a good thermal conductivity and a high surface area relative
to their volume, more than 7000 m?/m3 [39]. The partial-support-transformation (PST) technique as
presented by Bauer et al. [40] makes it possible to crystallize the zeo-type adsorbent SAPO-34 directly on
an aluminum surface.

Fig. 2-4: Fibrous structure with SAPO-34 directly crystallized on the fibers, the dimensions of the fibrous structure are
20x20x5 mm

These two technologies were combined in the research projects WISA-THOKA and ADOSO in order to
manufacture adsorption heat exchangers based on fibrous structures [41-45]. Aluminum fibres with a
diameter of approximately 100-200 um are sintered together, brazed onto the aluminum flat tubes and
finally coated with adsorbent crystals [42]. The experimental results for directly crystallized fibrous
structures showed the potential of this approach to increase the power density [42].

In the course of the project ADOSO [44] a complete adsorption module including two fiber heat
exchangers for adsorber and a combined evaporator / condenser was built by Fahrenheit GmbH [43].
The adsorption heat exchanger is shown in Fig. 2-5. The fibres have a mean diameter of approximately
130 pum. The mean thickness of the SAPO-34 crystallite layer is approximately 50 um. The amount of
adsorbent (dry mass) is 3.3 kg.
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Fig. 2-5: Fiber heat exchanger developed and tested by Fraunhofer ISE and Fahrenheit GmbH, the heat exchanger with
headers has a length of 700 mm, the width is 45 mm. The volume with headers is approximately 10 liters.

In Table 2-1 the temperature boundary conditions and the results for efficiency and power are listed. The
values for the efficiency and the power are plotted in Fig. 2-6. Of course, the efficiency depends strongly
on the temperature levels of evaporation and adsorption / condensation. At an elevated adsorption /
condensation temperature of 45 °C the SAPO-34 cannot be desorbed anymore, resulting in a low value
for the efficiency. The efficiency is below 1 because of the heating and cooling of the thermal mass of the
combined evaporator / condenser.

Table 2-1: Experimentally obtained efficiency and averaged power for the adsorption module with fiber heat exchangers

No of Temperature Half cycle time | COPpeat Pheat iN KW
experiment triple ins

1 85/27/19°C 200 1.33 10.9

2 90/32/12°C 200 1.20 9.3

3 90/45/12°C 200 0.72 3.0

4 85/27/19°C 300 1.37 8.5

5 90/25/21°C 300 1.39 9.0

6 90/35/15°C 300 1.25 6.9
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Fig. 2-6: Heating efficiency and power for different measurements of the adsorption module with fiber heat exchangers, the
numbers 1-6 refer to Table 2-1, the colours of the symbols indicate the half cycle time.

The mean power of all measurements (excluding No. 3) is approximately 8900 W, resulting in a power
density of 890 W/dm?3 relative to the volume of the adsorption heat exchanger (10 dm?3) and 260 W/dm?
relative to the volume of the module (34.3 dm3).

The measurements of the module indicate that the thermal mass of the housing plays a role for the
efficiency. One phenomenon is the heat loss, since heat is transferred from adsorber and the combined
evaporator / condenser to the housing and from the housing to the ambient. Another effect is the
condensation of water vapour on the cold parts of the housing, this lowers the efficiency in case of
heating application. In case of the cooling application, the evaporation of the condensed water on the
housing surface will also lower the efficiency.

2.1.2 Evaporator developments

Water is obviously considered as one of the best alternative choices to standard refrigerants, for its zero
Global Warming Potential (GWP) and zero Ozone Depletion Potential (ODP) and its abundance, and is
one of the most employed in adsorption systems. Nevertheless, under the operating conditions typical of
a heat pump, water evaporation occurs at low pressures, i.e. under sub-atmospheric pressures.

In these conditions, water is close to its triple point (0.611 kPa, 0.01 °C) and it was experimentally
demonstrated that the factors that mostly influence its phase change significantly differ from those
observed in water evaporation at higher pressures. Among the other factors, the pressure increase due
to the height of the liquid is of the same order of magnitude of saturation pressure, thus cannot be
neglected. Accordingly, dedicated experimental and numerical analyses are needed to understand the
complex phenomena occurring under these conditions.
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At the CNR ITAE, a new testing rig was designed and realized to investigate small, but relevant,
evaporator scale (with evaporation capacity up to 20 kW). The testing rig is flexible enough to let
investigating evaporators working under different operating conditions (e.g. pool boiling, thin-film,
falling film).

A schematic layout is shown in Fig. 2-7. The testing rig mainly consists of two vacuum chambers, the
condenser (1 in Fig. 2-7) and the evaporator (2 in Fig. 2-7), connected by means of two electrically-
actuated pneumatic vacuum valves. In addition, a tube with a manual valve connecting condenser to the
evaporator, allows the control of the water level inside the evaporator. The condenser is thermostated
by means of a big aluminium fin-and-tube heat exchanger (4), whereas the temperature level of the pool
of the evaporator, when operate as stagnant pool, is controlled by means of a spiral finned coil copper
heat exchanger (5). A vacuum circuit is used to keep the pressure at the desired level. The chamber of
the evaporator is equipped with two quartz viewports, for visual inspection.

The side view of the evaporator testing chamber is represented in Fig. 2-8.
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Fig. 2-7: Schematic of the testing rig for the characterization of evaporators under sub-atmospheric conditions at CNR ITAE.
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Fig. 2-8: Side view of the evaporator vacuum chamber where the HEX is tested.

Preliminary tests were conducted on a pool boiling evaporator using a finned flat-tube aluminium HEX,
characterized by the following dimension: 200mm x 272mm with 20 fluid passages of 45mm depth and
2.5 fin pitch. These tests were performed in horizontal position. The main aim is to investigate almost
state-of-the-art HEXs, easily available on the market and at a reasonable price, to understand whether
these solutions are applicable or not in order to limit the cost of this component.

The first investigated effect is the difference between the evaporator temperature and the pool
temperature, defined as ATyoo1. Fig. 2-9 shows how the AT,.0i Varies as a function of the HTF flow rate and
the AT between the evaporator and condenser. The inlet temperature at the evaporator was always
fixed at 40 °C. It can be noticed that under these conditions the AT,.0 decreases with increasing the HTF
flow rate, while the condenser-evaporator temperature difference has a minor role.
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Fig. 2-9: Effect of the flow rate and the condenser-evaporator temperature difference on ATpgol.
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Fig. 2-10 shows the effect of the flow rate on the evaporation power and overall heat transfer
coefficient, respectively. The tests are performed using two different ATe-c, i.e. 15 Kand 19 K. The higher
the HTF flow rate the higher is the evaporation power measured. Similarly, it increases with increasing
ATe-c: for ATe-c of 15 K, it ranges from 1.6 to 2.7 kW, whereas for ATe-c=19 K, it ranges from 2.2 kW to
2.9 kW. There is a limit value of about 2.8-2.9 kW that might be considered as the limit of the heat
exchanger under the conditions tested. The corresponding overall heat transfer coefficients are

reported: for ATe-c of 15 K, it ranges from 190 to 427 W/(m?K), whereas for ATe-c=19 K, it ranges from
289 W/(m?3K) to 607 W/(mZK).
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Fig. 2-10: Combined effect of the flow rate and the ATc-e on the evaporation power (left-hand side) and on the overall heat
transfer coefficient (right-hand side).

The preliminary results reported demonstrate that there is still a strong limitation on the evaporation
side, mainly due to the low pressure at which the evaporator works. Nevertheless, even a simple finned
flat-tube HEX without any special and expensive surface treatment can reach up to 600 W/(m?K). Future
development will be on this way, to optimize the HEX configuration but keeping the cost as low as
possible to make it competitive for market applications.

2.2 New developments on adsorption materials and material database

2.2.1 MOFs

One of the key component within an adsorption heat pump or chiller is the sorption material. Whereas
silica gels, zeolites, activated carbons or silica-aluminophosphates are well known and have been

evaluated for the use in these processes, first evaluations of Metal-organic frameworks (MOFs) for the
use with water as adsorptive started in 2009 [46].

Since then, metal-organic frameworks received continuous attention due to their unsurpassed porosity
and chemical variability, which both originate from the inherent, molecular cluster linker concept [47].
Based on this “molecular lego” concept, from a thermodynamic point of view, MOFs offer a new
dimension for the cycle of choice, as adsorption characteristics can be tuned in a broad range. Eg. the
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pore volume and the pore size might be designed by the choice of the organic linker length as already
shown by the iso-reticular approach of Yaghi [48]. In addition, due to the narrow pore distribution
resulting from the crystalline nature of these materials, the adsorption isotherms are typically s-shaped
and the relative pressure, at which pore filling occurs, depends on the pore geometry and the nature of
the linker.

Thus, significant improvements in terms of energy efficiency and density has been seen and a wide
investigation started. Out of the various possible structures the most common structures for the use
with water are depicted in Fig. 2-11 included on top the organic linker, the underlying metal-node and
the resulting pore structure [49]. It is common practice to name metal-organic frameworks according to
their origin facility, e.g. MIL = Material of Institute Lavoisier, CAU = Christian Albrechts University Kiel,
HKUST — HongKong University of Science and Technology. For further details, the reader is referred to
the exhausting review articles in scientific literature.
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Fig. 2-11. Selected organic linkers (top) and possible metal-clusters (middle) to form the final 3-D framework (bottom).
Depicted from left to right organic linkers: benzene-1,3,5-tricarboxylic acid (BTC), fumaric acid (FUM), benzene-1,3-
dicarboxylic acid (BDC), 2,5-furandicarboxylic acid (FDC), FUM and again BTC. Combined with the most common metal nodes
like iron, aluminium, zircon and copper the following structures from left to right are build: MIL-100, Al-Fumarate, CAU-10-H,
MIL-160, Zr-Fumarate, CU-BTC (HKUST-1).

To evaluate the performance of the materials the adsorption equilibrium isotherms or isobars are usually
considered. An initial overview of the adsorption capacity and shape of isotherms is given in Fig. 2-12.
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Fig. 2-12. Overview of water adsorption isotherms, taken from [50].

Based on the equilibrium data an first estimation of an achievable COP in a thermally driven heat pump
system has been reported by de Lange et al. [51] (s. Fig. 2-13).
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Fig. 2-13: Coefficient of performance based an water adsorption equilibrium data of pure MOF
materials taken from ref.%for an evaporator temperature of 288K and adsorption temperature of
318K for MOF-801(Zr) (green), MIL-53(Cr) (black), Zn(BDC) (DABCO) (red), compared to activated

carbon (star, black dotted line) and AQSOA-Z02 (open symbol, black dotted line).

It is noticeable throughout the state of the art that amongst the most promising metal-organic
frameworks for water adsorption applications are mainly materials based on Al, Zr, Fe or Cr as Zn based
MOFs tends to be instable under water vapor atmosphere.
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Finely powdered, as MOFs normally occur after synthesis, they are not applicable in most industrial
processes, nor for heat transformation. Thus different approaches to overcome this issue were
developed in recent years, namely binder based coatings and direct crystallization via a thermal gradient
method [52].

As final step towards an sorptive device, full scale coated heat exchanger were developed and the
performance measured under real application conditions [53, 54].

As an conclusion of the depicted development it can be stated, that improvements for adsorption driven
heat pumps by use of metal-organic framework materials are possible but depend strongly on the
application conditions.

First of all, the high porosity of the materials come alongside with a low density. Second, the materials
show typically a lower hydrophilicity compared to zeolites and thus high temperature spread result in
lower coefficient of performance.

2.2.2 Salthydrates, Salt with ammonia

A large number of hygroscopic salts has been suggested as an active component of an sorption system
namely CaCl2, Al2(SO4)3, MgS04, MgCl2, LiCl, LiBr and CaNO3. Due to the fact that the salts tends to
form agglomerations or aggregation composites like “Salt inside Porous Matrix” (CSPMs) were
developed.

Hereby the one component is a host matrix and the other one is an inorganic salt placed inside the
matrix pores. The CSPM have been recognized as promising materials for thermally driven heat pump
systems due to their enhanced sorption capacity to common working fluids (water,methanol/ethanol,
ammonia). These sorbents are characterized by s-shaped sorption isotherms and tunable adsorption
behavior that provides a promising avenue for their application for adsorption heat transformation and
storage. The salt S being the main sorbing component of CSPMs reacts with a sorbate vapor V (water,
methanol/ethanol, ammonia) that results in the formation of a complex S,nV (hydrate, methanolate
etc.).

The role of the porous matrix is also of high importance. It promotes dispersing the salt crystallites on
the pore surface, prevents their aggregation and provides heat and mass transport to the salt particles
located inside the matrix.

2.2.3 Material database/SorpPropLib

The equilibrium vapor pressure for the sorption materials is critical to the performance of the sorption
heat pump systems. An enormous amount of studies have been carried out to identify the correlations
of the refrigerant equilibrium vapor pressure with the the sorbent temperature and composition. The
vapor pressure properties of working fluids are reported in the literature in a variety of ways, which
impedes wide-ranging cross comparisons or screening studies for novel applications.

Therefore, a database for equilibrium vapor pressure properties of both adsorption and absorption
materials has been compiled, and the database program SorpSim [55] with the library SorpProplLib [56,
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57] has been developed based on the compiled database to provide fast isotherm inquires and support
computer simulation of sorption systems.

2.2.3.1 Isotherm database of sorption materials

In this work readily usable vapor pressure sorption properties for 446 working pair correlations for 251
working pairs and 38 refrigerants are compiled. The refrigerants can be broadly categorized into
inorganics, hydrocarbons (non-fluorinated), alcohols, and fluorocarbons, and the working pairs included
are listed in the Table 2-2 below.
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Table 2-2: Summary of sorption working pairs included in the isotherm database

i # of . # of
Refrigerant 0 Refrigerant 0
Category sorbents Category (sorbate) sorbents
(sorbate) included included

Water 38 R12 3
Inorganic Ammonia 45 R13B1 1

CO, 12 R22 4

Propane 6 R23 1

Methane 8 R32 13

Propylene 5 R123 1

Butane 4 R124 1

Hexane 1 R125 11

Benzene 5 R134a 21
Hydrocarbon

Toluene 1 Fluorocarbons |R143a 8

Cyclohexane 4 R152a 6

Cyclohexene 1 R407C 1

Acetone 4 R404A 1

TFE 3 R410A 2

THF 2 R507A 1

Ethanol 18 R1234ze(E) 2
Alcohol Methanol 11 R134a/R227ca |1

R125/R143a 1
Propanol 3
R22/R142b 1

Numerous functional forms have been found useful for expressing the vapor equilibrium properties of
sorption working pairs (s. Table 6-1 in the appendix 6.3). Some of these are derived from first principles,
and others are almost purely empirical in origin. In general, solid adsorption working pairs use one of a
handful of functional forms with a strong basis in physical first principles: Dubinin-Astakhov, Toth, Dual
Site Sips, or Langmuir. In contrast, liquid absorption working pairs have a greater diversity of commonly
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used functional forms and also use several that defy classification (referred to herein as “custom”
correlations). Some expressions for absorption working pairs are traceable to a first principles analysis
(Antoine, Heil). Most use a hybrid approach, where a fundamental expression for the refrigerant vapor
pressure is modified by an empirical term.

However, there is a challenge to assemble a database from diverse sources in the literature due to the
variations in equation form. For example, a particular functional form (such as Toth) may have originally
had a single form. However, over time various researchers have made their own tweaks to the form,
resulting in a Toth family of forms. Each member of the family has a similar mathematical form, but the
exact number and location of fitting constants vary. In this work, we have genericized each family so that
all results in the literature reviewed can be expressed in one master family equation. The master family
equations for both adsorption and absorption are summarized in the two tables below.

The adsorption isotherm equations often express the equilibrium uptake (Y) as the function of the the
sorbent temperate and vapor pressure. The only exception is the van’t Hoff equation for chemical
adsorption working pairs, where the equilibrium vapor pressure is the function of only the sorbent
temperature. The coefficients in these equations for each working pair are collected and compiled in the
database tables in the appendix 6.4.

For absorption working pairs (s. also summary of the master equation forms of equilibrium correlations
in Table 6-2 in the appendix 6.3), the correlations often express the equilibrium vapor pressure as the
function of the temperature and concentration of the sorbate in the mixture solution in Antoine and
Dihring equations. For the mixing rules based on Peng-Robinson (PR) or Soave-Redlich-Kwong (SRK)
equation of state (EOS), the equilibrium vapor pressure is written as:

b RT a(T)
“Vp—b VE+m-b-V,+n-b?
poy BT
=be

a(Tr' 0.)) = [1 + Ko(l - TTO'S)]Z
3

K0:Zci*w‘

i=0
The the mixing rules calculate the a(T) and b for the working pair and plug them into the EOS to
determine the equilibrium vapor pressure. For the activitity coefficient equations, the equilibrium vapor
pressure of the sorbate is calculated by adding an activity coefficient to Raoult's law to reflect the effect
of different components as below:

Pp = yp * Pror = Ps x Xg * yg

Thus with the molar fraction (xg) and calculated activity coefficient (yz) of the sorbate in the working
pair mixture, the equilibrium vapor pressure can be evaluated.

The compiled database tables of the coefficient constants can be found in the appendix 6.4.
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2.2.3.2 SorpProplLib

To facilitate the utilization of the compiled isotherm database in computer simulation of sorption heat
pumps, a database program named SorpPropLib has been developed to provide property inquiry support
for simulation in various simulation software. The SorpPropLib program contains both the master
equation forms of isotherm correlations as well as the coefficient constants for all the compiled working
pairs. By providing the name of the working pair and the temperature and composition of the desired
state, users can conveniently acquire the equilibrium vapor pressure as well as the original literature of
the coefficient constants used in the calculation from SorpPropLib. The data flow in SorpPropLib is shown
in Fig. 2-14.

Input File / Linked Program

: Name of l | Temperature :
LWorking Pair | L& Composition |

i L8 N

SorpProplib

R

Coefficient
Database

———-—— Correlation
Equation Type i

2 —| Equations
Coefficients :

| .
| Original : | Equilibrium
|

|l Literature : Vapor Pressure |

[Output File / Linked Program

Fig. 2-14: Data flow in SorpPropLib

The coefficient database in the SorpProplLib is stored in JSON file form and can be conveniently expanded
and updated with new data for future working pairs. The master equations and calculation control takes
the form of a dynamic linked library (.dll) and can be linked to simulation programs such as Sorption
system Simulation program (SorpSim), MATLAB, and Engineering Equation Solver (EES). A standalone
program is also provided to allow direct inquiry with input from console or text files.

2.3 New developments in absorption technology

2.3.1 Polimi (Politecnico di Milano)

At Politecnico di Milano research is carried out with the objective of developing an air source gas-fired
heat pump for space heating and DHW production for domestic applications. To assure a large potential
for market penetration, the target of reducing specific costs and size compared to existing products is
addressed. As an additional measure to ease the industrialization of the GHP, it has been decided to rely
mainly on components derived from large series production, whose manufacturers actively collaborate
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to the project. In particular, all heat exchangers, except the desorber, are fusion-bonded plate heat
exchangers.

The outcome of the development is a 7.5 kW GAHP prototype, whose diaphragm pump and desorber
have been designed to reduce the appliance size to the dimensions of a standard domestic condensing
boiler. The effectiveness of different configurations of the refrigerant circuit has been investigated,
together with the potential benefits of controlling the flow rate of refrigerant and solution. The achieved
performances, measured according to the European Standard EN 12309, are in line with the expectation:
a sGUE based on the net calorific value (SGUENCV) of 1.5 has been reached for the average climate
(design temperature of -10 °C) and for the high temperature application (supply temperature of 55 °C).
However, a detailed analysis shows room for improvements on some of the component, which are
expected to boost the sGUENCV up to about 1.6.

2.3.2 Ariston
Ariston Thermo SpA is an Italian corporation that produces heating systems and related products.
Ariston has started the development work of a residential absorption GHP.

2.3.3 SMTI

Stone Mountain (SMTI, USA) are developing a range of water-ammonia absorption heat pumps (3 kW for
DHW up to 30 kW) for the US market under DoE contracts [58]. They have a track record in the
technology, which is broadly similar to Robur’s. However unlike Robur they are not a manufacturer but
an R&D company. The US perspective emphasises minimum capital cost, similar to the approach needed
in the UK.

3. Performance evaluation

3.1 Introduction

Within Task C, the Annex worked on the methodologies and the test procedures used for the
performance evaluation of fossil fuel sorption heat pumps both on field (i.e. in real installations) and at
test laboratories.

It aims at verifying the adequacy of the available tools for assessing this kind of appliances, both as single
units and as integral parts of more complex systems, in terms of applicability, unambiguousness,
comprehensiveness and coherency of achieved results.

With this purpose, within this Task, two studies have been carried out in parallel: one focused on real
installations, for which a monitoring procedure based on the experience acquired through previous
projects, such as "SEPEMOQ" and "RELAB monitoring", has been developed and applied on different real
installations with the dual objective to validate the developed procedure for different system
configurations and, at the same time, to increase the experience with integrated fuel driven heating
systems in order to increase their acceptance in specific market segments.
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The other one focused on the standardized test procedures usually used for the determining the
performances of fossil fuel heat pumps for ECO-design and ECO-labelling purposes. For this study, first all
the relevant existing standards and guidelines have been collected and analysed; then a round robin test
on a prototype put at disposal by a partner of the consortium has been carried out among the project
partners by applying two of the analysed procedures: EN 12309 and VDI4650.

This part of the final report contains the main results obtained in the Task C. It can be subdivided in three
subchapters: The first part deals with standards and definitions. The second part is related to the
monitoring activities where the developed monitoring procedure is fully reported including some
examples of the fault detection. Furthermore, in this part, papers concerning monitoring of real
installation carried out by applying the developed procedure are attached. The third subchapter, instead,
is related to the test activities where the round robin test with the main achieved results is explained.

3.2 Standards and definitions
There are two main CEN standards for testing and performance evaluation of fuel driven sorption heat
pumps:

- EN 12309 standard series (parts 1 to 7) [59] for space heating and
- EN13203-6 [60] for domestic hot water preparation.

Besides, there is a number of other national standards and guidelines which, in some cases, play an
important role regarding subsidy granting as e.g. VDI 4650-2 [61] in Germany.

Besides, both national and international quality labels are available for fuel driven sorption heat pumps
and the technology is also explicitly covered be the EU Ecodesign Regulation and as such part of the Eco
Labelling scheme:

3.2.1 EN 12309 standard series: Gas-fired sorption appliances for heating and/or cooling
with a net heat input not exceeding 70 kW

The Ecodesign Directive and the corresponding Implementing Regulations for different groups of energy-
related products have highlighted the need for unbiased and transparent testing and performance
evaluation methods for all technologies. Specifically, the efficiency requirements for gas-fired sorption
appliances are defined in Commission Delegated Regulation 811/2013 and Commission Regulation
813/2013 for space and combination heaters and in Commission Delegated Regulation 812/2013 and
Commission Regulation 814/2013 for water heaters. In the Communication of the European Commission
2014/C 207/02 [62], a list of harmonised standards for testing and performance evaluation of different
heating appliances is provided. For gas fired sorption heat pumps EN 12309 is referred to as the
reference document for space heating application. The current version of EN 12309, Parts 1 and 3to 7
have been published in December 2014. Part 2 “Safety” was published a year later in April 2016. The
standard has been developed to be compatible with the corresponding methodologies used for
electrically driven heat pumps in EN 14511 and EN 14825 and, thus, uses the same basic methodology
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for the testing and calculation of the seasonal performance figures. A basic description of the
methodology can be found e.g. in [63].

Within the scope of the standard are gas-fired sorption heat pumps and chillers with a net heat input up
to 70 kW. The EN 12309 comprises of the following parts:

- Part 1: Terms and definitions;

- Part 2: Safety;

- Part 3: Test conditions;

- Part 4: Test methods;

- Part 5: Requirements;

- Part 6: Calculation of seasonal performances;

- Part 7: Specific provisions for hybrid appliances.

In Parts 3, 4, 5, 6 and 7 testing methods and conditions for rating as well as testing, conditions and
calculation methods for evaluation of seasonal performance according to the requirements of Ecodesign
and Eco Labelling Regulations.

The standard rating conditions are provided for indoor and outdoor air, water and brine as heat source
and for four different temperature applications, Table 3-1.

Table 3-1: Standard rating conditions of EN 12309-3

Heat source / Outdoor heat exchanger Intdoor heat exchanger
temperature Inlet air dry bulb Inlet air wet bulb Inlet water Outlet water
application temperature [°C] temperature [°C] temperature [°C] temperature [°C]
Outdoor air
Low temperature 7 6 a) 35
Medium temperature 7 6 a) 45
High temperature 7 6 a) 55
Very high temperature 7 6 a) 65
Indoor air
Low temperature 20 12 a) 35
Medium temperature 20 12 a) 45
High temperature 20 12 a) 55
Very high temperature 20 12 a) 65
Inlet water Inlet wet bulb Inlet water Outlet water
Temperature [°C] Temperature [°C] temperature [°C] temperature [°C]

Ground water
Low temperature 10 7 a) 35
Medium temperature 10 7 a) 45
High temperature 10 7 a) 55
Very high temperature 10 7 a) 65
Borehole (brine)
Low temperature 0 -3 a) 35
Medium temperature 0 -3 a) 45
High temperature 0 -3 a) 55
Very high temperature 0 -3 a) 65

a) tests should be carried out with nominal flow rates given in the instructions, provided that the difference between the inlet
and outlet temperatures at indoor heat exchanger is lower than a defined maximum temperature difference
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During the measurement, the gas input, the heat output and the electricity consumption are measured.
In the hydraulic loops, the pressure drop over the unit is also measured at all necessary operating
conditions. For rating, the outlet temperature methodology is used — the outlet temperature is fixed, the
inlet temperature is a function of the mass flow rate. For the evaluation of the seasonal efficiency, three
different test methods are available:

- the outlet temperature method, which is the reference method for monovalent appliances,
where the outlet temperature matches the target value from Table 3-1;

- theinlet temperature method, which is the reference method for hybrid appliances and
monovalent appliances which operate in on/off cycling, where the inlet temperature matches
the target value;

- the mean temperature method where the mean of outlet and inlet temperatures matches the
target value.

The operating conditions remain constant throughout the measurement. If applicable, the defrost cycles
have to be accounted for in the calculation of the heating capacity and energy consumption. Besides,
both the electrical energy consumption and the heating capacity are corrected for the influence of the
hydraulic circuit of the test rig — taking into account only the part of the energy that can be attributed to
the internal pressure losses of the appliance, both on the heat source and the heat sink side.

For each steady-state testing condition, two performance figures are calculated, the Gas Utilisation
Efficiency (GUE) and the Auxiliary Energy Factor (AEF), equations 3-1 and 3-2, respectively:

wh - Cen
GUEh o )
gmh
where
GUEs is the heating gas utilization efficiency, in kilowatts per kilowatt;
Qen is the effective heating capacity, in kilowatts;
Qgmh is the measured heating heat input, in kilowatts.
AEFh =% (3-2)
Pe=n
where
AEFh is the heating auxiliary energy factor, in kilowatts per kilowatt;
Qen is the effective heating capacity, in kilowatts;
Pen is the effective heating electrical power input, in kilowatts.
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Seasonal efficiencies can be calculated for three reference climatic conditions, in accordance with the
Ecodesign regulation: Average with the design temperature of -10 °C, Warmer with the design
temperature of 2 °C and colder with the design temperature of -22 °C. For that purpose, a serious of
measurmenets under part load conditions have to be carried out in order to determine the GUEs and
AEFs. For appliances in heating mode, the performance under the following part load conditions have to
be measured, Table 3-2. The part load ratios for hybrid units, defined in EN 12309-7, differ from these.

Table 3-2: Part load ratios for the determination of seasonal performance factors for average, warmer and colder climates,
according to EN 12309-6

Part Load Ratio (PLR) in %
Outdoor air Average | Warmer | Colder
temperature [°C] (A) (W) (C)
o -15 - - 82 (-)
A -7 88 - 61
B 2 54 100 37
C 7 35 64 24
D 12 15 29 11
E Operation limit a (100) - (100) a (100)
F Bivalent b b b
a, b — calculated from the declared bivalent and
operation limit temperatures
() —values in brackets apply for water(brine)-to-
water appliances

Part load conditions O to F can be tested with fixed or variable outlet temperature on the indoor heat
exchanger and with fixed or variable water mass flow rate. For hybrid units, the inlet temperatures in the
indoor heat exchanger are fixed, as described in EN 12309-7.

For each of the climate conditions, a seasonal hourly outdoor air temperature occurrance per
temperature bin (1 K) is provided. For the temperature bins given in Table 3-2, the useful heat and the
consumed electricity are calculated form the respective measured capacities and then multiplied by the
number of hours in which these outdoor temperatures occur in the respective climate to obtain the
useful energy and electrical energy consumption. All values inbetween are being interpolated or
extrapolated. Finally, the seasonal performance is obtained by summing up the energies and building a
ratio, equations 3-3 and 3-4.
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Sy x Ph(T7)
SGUEh=—"2 : (3-3)

s Ph(T))
2 1 [ GUEhEij)J

J=1

where
Tj is the bin temperature;
i is the bin number;
n is the number of bins;
Ph(Tj) is the heating load of the building for the corresponding temperature Tj, expressed in
kw;
hj is the number of bin hours occurring at the corresponding temperature Tj;
GUEN(Tj) is the GUEh values of the appliance for the corresponding temperature Tj.
SAEFh = g
Q.o (3-4)
M+Hro X Pro + H gy X Pop + H oy X Fopy
where
Qurefh is the reference annual heating demand, expressed in kWh;
SAEFhon is the Seasonal Auxiliary Energy Factor in heating mode and active mode;

HTo, Hss, Horr  are the number of hours the appliance is considered to work in respectively thermostat
off mode, standby mode and off mode.

Pro, Pss, Porr  are the electricity consumption during respectively thermostat off mode, standby mode
and off mode, expressed in kW.

For the calculation of SAEFh, additional measurements in non-active operation modes are necessary.

As fuel driven heat pumps are consuming both gas and electricity which have in general different
primary energy coefficients, the primary energy ratio (roughly corresponding to the ns» from the
Ecodesign Regulation) can be calculated according to equation 3-5:
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1

SPERh = — -
Primg,  Prim,,, (3-5)
SGUEL  SAEFh
where
Primgas is the primary energy factor for gas, value based on ErP Directive (2009/125/EC) or by
default equal to 1 on GCV;
Primelec is the primary energy factor for electricity, value based on ErP Directive (2009/125/EC)

or by default equal to 2,5;

3.2.2 EN13203-6

This European Standard is applicable to gas-fired sorption heat pumps connected to or including a
domestic hot water storage tank producing domestic hot water. It applies to a package marketed as
single unit or fully specified that have a heat input not exceeding 400 kW and a hot water storage tank
capacity not exceeding 2000 I. In the case of combination boilers, with or without storage tank, domestic
hot water production is integrated or coupled, the whole being marketed as a single unit.

The standard is part of the EN 13203 family of standards which cover gas appliances, including also
hybrid heat pumps (EN 13203-5).

The described tests are to be carried out in several subsequent steps:

- Initial adjustment of the outlet water temperature;

- Measurement of energy consumption in standby mode;

- Measurement of energy consumption during a 24 h tapping cycle and calculation of the energy
content of the supplied water;

- Mixed water at 40°C (V4o test).

The initial adjustment of the outlet water or water tank temperature is to ensure that the draw-off hot
water temperature will be between 55 °C and 65 °C. However, for appliances with an integrated water
tank it is not described how this temperature in the tank has to be reached. Further, no provisions for
the initial state of the water tank is given.

Generally, the energy (both gas and electricity) consumption in the standby mode should be measured
for a period of 24 hours and no hot water draw-offs should occur during this period. However, for the
appliances without a control cycle, the gas and electricity consumption may be measured fora duration
of one hour only. Further, for the appliances with repeated control cycles for a 24 h period, the gas and
electricity consumption may be measured for a duration time equal to one or several control cycles,
once the appliance is operating in a regular manner.

The load profiles for the estimation of the daily energy consumption for the production of useful hot
water are following the load profiles from the Ecodesign Regulations. The beginning time of the test
depends on the appliance characteristics:
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- for appliances with no energy consumption between draw-offs, the measured programme starts
at 7 o’clock with the appliance cold and finishes when the burner is extinguished after the 21:30
tapping;

- for appliances with energy consumption between draw-offs, the tappings start with the tapping
at 21:30. The measured cycle starts from the time the burner is extinguished following the 21:30
draw-off. The measured cycle ends when the burner is extinguished following the last tapping at
21:30 on the next day.

In both cases, the profile will differ from the one established for electrically driven heat pumps in
EN 16147. Further, both profiles will differ from the one defined in the Ecodesign Regulations, which can
be understood in more than one way.

If during a draw-off the minimum required temperature cannot be reached, the energy consumption is
corrected by assuming an additional electricity consumption in order to reach this temperature
difference. This is only allowed for tappings with a (AT_p) of 45 K.

All tests are to be carried out at operating conditions shown in Table 3-3.

Table 3-3: Test conditions of EN 13203-6

Range of ambient .
Heat source Ambient temperature
Type of heat source o temperature for heat R
Temperature, [°C] o of storage tank, [°C]
pump, [°C]
Outside air (heat pump 7+0,2 203 2043
indoor) with air duct (60,3) -
Outside air 70,2
! 7t 20+
(heat pump outdoor) (60,3) 3 0t3
20+0,2
Exh i ! 20+ 20+
xhaust air (12£0.3) 0+3 0+3
Water (inlet) 100,15 20+ 3 20+ 3
Brine (inlet) 0+0,15 203 203
Grgund. heat source 7402 2043 2043
(brine, inlet)
Solf'ar cc?llector source 0,2 5043 20+3
(brine, inlet)

For the Vo test, the outlet water temperature has to be set to the maximum and the water has to
continuously be drawn from the tank until its temperature falls under 40 °C. Declaration of this value is
required by the Ecodesign Regulation.

The energy consumption in all tests has to be corrected for the influence of the test equipment in the
hydraulic circuits and air ducts in order to provide comparable results between different laboratories, in
the same way as in EN 12309 and in comparable EN standards for electrically driven heat pumps

(EN 14511 and EN 16147).
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The water heating energy efficiency is calculated according to equation (3-6):

0
Mot = ==t 100 (3-6)
(O, +CC-E,__)-(1- SCF -smart) + Q.

where

Qurer is the total energy delivered by the load profile used, value from Tables 2 to 9, in kWh;

CcC is the primary energy conversion coefficient for electricity;

Eelecco IS the consumption of electricity for water heating over 24 consecutive hours under the declared
load profile, expressed in kWh;

Qe is the daily fuel consumption for domestic hot water over 24 consecutive hours under the
declared load profile, expressed in kWh;

Qgass  is the daily gas energy consumption in summer mode (kWh) calculated using Net Calorific Value
(NCV);

SCF smart control factor (SCF) means the water heating energy efficiency gain due to smart control
(no further provisions on how to perform a test with smart control are given in the standard);

smart is the smart control coefficient, is equal to 0 without smart control or 1 with smart control;

Qcor is the ambient correction term equal to O for load profiles XXL to 4XL, and for load profiles XS to
XL calculated according to a formula.

Besides nwh, formulae for the annual fuel consumption (AFC), annual electricity consumption (AEC) and
V4o are provided thus covering all necessary parameters from the Ecodesign Regulations.

3.2.3 Other standards and guidelines
Within the project, the following standards and regulations for fuel driven sorption heat pumps were
found besides above EN standards, Table 3-4:

Table 3-4: Standards for testing and performance evaluation of fuel-driven sorption heat pumps

Abbreviation Title Status Document type

W3 ; Anschlussfertige Heiz-

DIN 33830 armepumpen; Anschiuss ertige Heiz superseded standard
Absorptionswarmepumpen

DIN V 18599:2011 Energetische Bewertung von Gebduden current standard
Heating and cooling systems in buildings
— Method for calculation of the system

ISO 13612-2:2014 performance and system design for heat current standard
pump systems — Part 2: Energy
calculation
Standard for Absorption Water Chilling

ANSI/AHRI 560 and Water Heating Packages current standard

ANSI/ASHRAE 182- Method of Testing Absorption Water- current standard

2008 Chilling and Water-Heating Packages
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Heating systems in buildings — Method
for calculation of system energy
EN 15316-4-2 requirements and system efficiencies — current standard
Part 4.2: Space heating generations
systems, heat pump systems

Gasbetriebene Sorptionsheizgerate

DVGW VP 12
G 0 (Sorptions-Warmepumpen)

superseded guideline

Gasbetriebene Sorptionsheizgerate

DVGW 12
GW G 5120 (Sorptions-Warmepumpen)

current guideline

Kurzverfahren zur Berechnung der

Jahresheizzahl und des

VDI 4650-2 Jahrejc,nutzu“ngsgrads von current guideline
Sorptionswarmepumpen-anlagen — Gas-

Warmepumpen zur Raumheizung und

Warmwasserbereitung

In the following, VDI 4650-2 will be described since it plays an important role in the German federal
subsidy scheme for heat pumps.

3.2.3.1 VDI 4650-2: Simplified method for the calculation of the annual coefficient of
performance and the annual utilisation ratio of sorption heat pumps - Gas heat pumps
for space heating and domestic hot water
The scope of VDI 4650-2 is to define a method to estimate seasonal performance figures of a gas fired
thermally driven heat pump based on measurements under part load laboratory conditions. Current
version of the guideline was published in January 2013. It is defined for monovalent gas fired sorption
heat pumps up to a heating power of 70 kW. As ambient heat sources ground water, boreholes, air and
solar radiation gained by a solar collector are considered. The heat is used for domestic hot water
preparation and space heating.

Due to a lack of suitable EN standards at the time of the first publication, this VDI guideline for
calculation of the seasonal efficiency of gas driven heat pumps was developed mainly for the purpose of
granting subsidies for the appliances in Germany and is still used for that.

Basically, two seasonal performance figures are defined. The annual use efficiency ny is defined as the
produced heat per consumed fuel. The annual heating figure {, however, is defined as the amount of
produced heat per amount of consumed fuel and electricity. Fuel and electricity are weighted equally,
thus they are added up as final energies at the mains or the plug not taking into consideration the
amount of primary energy needed in the process of energy conversion, transport etc.

More precisely, the guideline defines a calculation procedure for several performance factors and use
efficiencies:
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- annual use efficiency for space heating with/without solar assistance;

- annual use efficiency for domestic hot water with/without solar assistance;

- annual performance factor for space heating with/without solar assistance;

- annual performance factor for domestic hot water with/without solar assistance;
- total annual use efficiency;

- total annual performance factor.

The calculations of the seasonal use efficiency and the annual heating figure are based on the
temperature bin method. This means that the use efficiencies and heating figures are calculated form
the measured performance in laboratory for several part load conditions. The average of these values is
taken as a seasonal value. Based on DIN 4702-8, the part loads are 13 %, 30 %, 39 %, 48 % and 63 % of
full load heating power.

The assumption is that in part loads the volume flows are kept constant, thus part load is defined as a
reduction of the heating loop inlet and outlet temperature. A table is given within the document which
defines the inlet and outlet temperatures for each part load condition, Table 3-5.

Table 3-5: VDI 4650-2 operation conditions for testing

Heating temperature 35/28 Heating temperature 355/45 | Heating temperature TO/55
Relative capacity

Teuppey [*C] Tretum [*C] Teuppey [*C] Tretum [*C] Teuppey [*C] Tretumn [*C]
0,13 222 213 26,0 248 297 278
0,30 249 228 32,6 296 39,2 M7
0,39 262 235 356 M7 434 76
0,48 27.5 242 8.5 338 47,6 40 4
0.63 297 253 43 4 37,2 543 44 9

Both gas and electricity consumption should be measured during the tests. The liquid pump for the
heating distribution system is considered proportionally to the pressure loss through the heat pump unit.

The annual heating figure ¢ is calculated according to equations (3-7) and (3-8):

5

g =

SR (3-7)

i=1 Shi
. B .
hi = -
Qi' + R:m!'

where
i is the heating figure for each relative capacity;
Pi th is the heating capacity;
Q is the fuel consumption per time;
Piel is the electricity consumption of the heat pump unit per time.
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The annual use efficiency is calculated analogously, the partial use efficiencies nn,;, however, do not
contain electricity consumption.

The heat source temperatures are provided for different heat source types, Table 3-6. The guideline also
assumes that the temperature of the ambient source is reduced with increasing heating power.
Therefore, the guideline also defines standard temperatures for the temperatures within this loop. This
is true for bore holes, ground water, air and solar collectors. For solar collectors, an increase in source
temperature is assumed due to the solar radiation on the collector. A temperature increase as a function
of the aperture area is given (2,1 to 5,6°C) and should be added to the temperatures of the respective
primary source.

Table 3-6: VDI 4650-2 heat source temperatures and correction factors for different heat sources

G d Water Ambient air
Relative capacity | o 7°C 10°C | 10°C___12°C____14C____-16C
0,13 9 0,98 1,01 16,2 15,9 15,6 15.4
0,30 8 0,99 1,02 10,9 10,3 97 91
0,39 T 1 1,03 8.4 7.6 6.8 6,0
0,43 6 1,03 1,05 57 48 3.8 29
0,63 5 1,05 1,07 1.2 0,0 -1.3 -2.5
" correction factors io be used in connection with the test results for ground-
source heat pumps

For systems with direct solar heating or DHW support, a calculation method for both performance
figures is provided. It takes into account the solar fraction (provided by the planer) and the additional
electricity consumption for the heat transfer fluid.

3.2.4 Quality labels

3.2.4.1 Heat Pump Keymark

The Heat Pump Keymark is a voluntary certification scheme established in 2016 as part of the Keymark
certification scheme introduced in 1992 by CEN/CENELEC and is currently the most wide-spread
certification for heat pumps in the EU. Electrically driven, gas-fired and hybrid (combination of an
electrically driven heat pump with a gas boiler) heat pumps can be certified. The requirements for each
of the product groups is different but aiming at guarantee the declaration of the manufacturer for
compliance with ErP regulations. The proof of the energy efficiency is based on one of the applicable EN
standards.

For gas and hybrid heat pumps, the certification can be granted using one-off admission testing
approach without the need of subsequent testing or factory inspections. However, the technical
documentation needs to be inspected periodically.
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To obtain a HP Keymark, the following requirements have to be met:

Space heating tests for low temperature heat pumps (supply temperature 35 °C or 55 °C)

a) Depending on the heat source: A7/W35(55); A20/W35(55); BO/W35(%%); W10/W35(55) according to
EN 12309-4.

b) Bivalent temperature condition for average climate according according to EN 12309-4 and
EN 12309-6.

c) One other testing condition for average climate to be chosen by the certification body according to
EN 12309-4 and EN 12309-6.

d) For any other climate, bivalent temperature condition shall be tested according to EN 12309-4 and
EN 12309-6.

SPER} (and SPER.) should be calculated according to EN12309-6.

Sound power level tests

In the absence of a dedicated standard for fuel driven heat pumps, tests shall be performed according to
EN 12102-1 for average climate at the certified highest temperature application.

For heat pumps certified for brine and water as heat sources, the sound power level test should be
performed using brine.

Optionally, space cooling can be certified, both for 7-12 °C and for 18-22 °C applications and the cooling
function can only be certified with the space heating function.

Finally, NOx emissions shall also be measured according the appropriate standard.

3.2.4.2 NF

In France, the NF label is very well established for a number of technologies, including gas-driven
sorption heat pumps. It is issued by Eurovent Certita Certification under AFNOR's mandate and it
certifies compliance with European and French standards. It is available for 11 product families, in the
areas of Indoor climate and Ventilation. The requirements for gas and electrically driven heat pumps are
described in the certification reference regulation NF 414 in its current version issued in December 2018.

The certified performance levels are:

- Gas utilisation efficiency GUE, [kW/kW]. The thresholds of GUE}, at certain operating conditions
are given in the tables below.
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T outdoor air [°C] T water [°C] | T brine [°C]
T water, outlet -7 7 T water, outlet -2,5 7,5
30 1,20 1,40 30 1,50 1,52
35 1,10 1,35 35 1,50 1,50
45 1,00 1,30 45 1,40 1,40
50 0,90 1,20 50 1,35 1,35
60 0,70 0,90 60 1,25 1,25

- Rated heating capacity Qun [kW]

- The effective power input Pe [kW]

- The sound power level Ly [dB(A)]. Sound power levels must be determined under the highest
temperature application that the certification was requested for. Outside the building, they must
comply with the thresholds in the table below:

Thresholds (identical to Fules & 13-'_2 013)
Heating capacity S-mmd p:rps&;f::ﬁl at the rated heating
P kW] capacity E

Lw, [dBiAY]

Indoor Outdoor
D<P=@ 60 65
§<P=10 _

R

10<P<12 5 0
12<P=20

-
20=P=30 0 78
30 <P=350
50<P=70 50 58
70 < P= 100 Mo thresheld defined

Optionally, the following performance can be certified:

- The particular characteristics of variable capacity regulation HPs:

o The minimum continuous operation Load Ratio, LRcontmin [%]

o The GUE at LRcontmin [kW/kW]

o The performance correction coefficient at LRcontmin, CcpLRcontmin [-]
- The electrical power of the auxiliaries at zero load Paux0 [W]
- Seasonal performance in heating mode at least for an average climate, chosen by the

applicant/holder for cooling modes and for the other climates:

The reference seasonal gas utilisation efficiency in heating mode SGUEh [kWh/kWh]
The reference seasonal efficiency in cooling mode SGUEc [kWh/kWh]
The reference seasonal primary energy efficiency in heating mode SPERh [kWh/kWh]
The reference seasonal primary energy efficiency in cooling mode SPERc [kWh/kWh]
Seasonal energy efficiency ns = SPER x 100 - |F(1)] - |F(2)| [%]

o O O O

Additionally, for the cooling function, the following characteristics can also be certified:

- Gas utilisation efficiency GUEc [kW/kW]
- Rated cooling capacity QNc [kW]

The cooling function can only be certified with the space heating function.
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Eurovent Certita Certification monitors the certified products from the time when the right to use the NF
mark is granted. This process includes in-plant verifications and retests.

3.2.4.3 RAL-UZ118

RAL — Deutsches Institut fur Gitesicherung und Kennzeichnung and the federal Ministry for
Environment, Nature Protection and Reactor Safety have together set up a framework for granting a
quality label for energy saving heat pumps. The basis document is the granting regulation RAL-UZ 118
“Energiesparende Warmepumpen” in its current issue from April 2012 (RAL 2012). The regulation can be
applied to gas driven sorption heat pumps according to EN 12309, DIN 33830 and DVGW VP 120.

In order to obtain the quality label, a heat pump has to fulfil the following requirements:

- Compliance with all relevant guidelines and CE-mark;

- TEWI lower than 218 g CO2eq/kWh for supply temperatures of 55°C and lower than
178 g CO,eq/kWh for supply temperatures of 35°C. Calculation procedure for TEW!I is provided in
an annex to the document;

- Noise emissions according to EN 12102;

- Gas emissions levels lower than 20 mg/kWh for CO and 40 mg/kWh for NOx according to
DIN 4702-8. Starting from 2015, methane emissions will also have to be estimated according to
VDI 2466;

- Liquid pumps have to have an energy efficiency index lower than 0,27 according to the EU
guideline 2009/641/EG;

- Adjustment instructions for the installer and the user manual have to comply with a number of
requirements stated in the document;

- The design of the product has to follow the state of the art regarding recyclability and material
usage, as well as to minimise leakages.

Granting RAL-UZ 118 has been discontinued

3.2.4.4 DVGW Label

DVGW - Deutscher Verein des Gas- und Wasserfaches e.V. - Technisch-wissenschaftlicher Verein
(German Technical and Scientific Association for Gas and Water) provides a certification program for a
variety of appliances, some of which are not covered by other national or international testing or
certification schemes. Gas driven sorption heat pumps can be awarded the DVGW quality mark on the
basis of requirements described in the guideline DVGW G 5120 “Gasbetriebene Sorptionsheizgerate”
(gas-fired sorption appliances).

The guideline gives requirements regarding the construction, installation, operation and labeling for
appliances up to 70 kW of burner power and maximum supply temperature of 105 °C at maximum 3 bar
in the heating and 10 bar in the DHW circuit. The requirements regarding energy efficiency are based on
the methodology endorsed by the EN 12309 for the calculation of seasonal energy performance.
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3.3 Field test protocol and performance evaluation

In order to evaluate on field the performances of fuel driven heat pumps and to achieve comparable
results regardless of the energy system in which they are installed, the use of a common monitoring
methodology is mandatory.

Based mainly on the experience acquired during RELAB monitoring projects by Politecnico di Milano [64,
65] and the European project SEPEMO [66, 67], a procedure for monitoring heat pump plants for heating
and domestic hot water production, using different heat pumps technologies (included the electrical
ones), heat sources (air, water, ground), backup systems and having different sizes and scopes, has been
developed.

Following, the approach used, the performance indicators, the monitoring equipment, the methodology
for the detection of common faults in design and regulation of these plants as well as of other typical
problems of heat pump systems are introduced and described.

3.3.1 Methodology

The first step was the individuation of a set of indicators useful to compare seasonal performances
among plants with several configurations, sizes and scopes and using different energy carriers (i.e.
electricity, gas, methane).

According to the SEPEMO Project [64] and the current European directives and Commision Decision
(ECOLABEL and ECO-design), the following performance indicators have been identified:

- Seasonal Performance Factor (SPF), defined as the ratio of the total useful energy to the total
energy inputs (electricity, gas, etc.).

- Seasonal Primary Energy Ratio (SPER), defined as the ratio of the total useful energy to the total
primary energy inputs (electricity, gas, etc.). This indicator is adequate to compare the
performances of systems using different energy carriers (i.e. electricity, gas, methane).

- Seasonal CO; emissions Factor (CO,_F), defined as the ratio of the total CO, emission due to the
energy inputs to the total useful energy. It is an index of specific CO, emissions per kWh
produced (TEWI).

- Seasonal NO, emissions Factor (NOy F), defined as the ratio of the total NOx emission due to the
energy inputs to the total useful energy. It is an index of specific NOx emissions per kWh
produced.

For the calculation of primary energy, CO2 emissions and NOx emissions, the conversion factors
indicated in the ECO-Label directive are used by default.

System boundaries, over which the performance indicators shall be calculated, have been specified. They
have been chosen with the aim to analyze the behavior of each meaningful subsystem of the monitored
plants, i.e. from the only heat pump to the whole system including pumps, auxiliaries, etc.... Then, for
each defined boundary, the energy flows through it, necessary for calculating the indicators, have been
individuated.
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On the basis of the quantities to be monitored (energy flows, energy carriers, etc.....) at each system

boundary, the typology and the position of measurement equipment have been defined. Specifically, for

each sensor (i.e. temperature sensor, flow meter...), the accuracy, sample time and rules for the correct

installation, have been specified. This allows having measurement data comparable.

3.3.2 System boundaries
In the present procedure, 5 main system boundaries have been selected for the assessment of fuel heat

pump plants. They are following defined:

Boundary 1: contains only the heat pump unit. It allows evaluating the performance of the
refrigeration cycle.

Boundary 2a: contains the heat pump unit and the primary loops at source and sink side. In this
way the electric power absorbed by the circulation pumps in the primary loops for the heat
exchange with the source and the sink, is included; while electrical consumption and heat losses
of the secondary loops (distribution circuit, heat extraction circuit at the source, etc..), that
shouldn’t be ascribed to the heat pump efficiency, are here excluded. This aspect is useful
especially for big buildings where the distribution causes big thermal losses.

Boundary 2b: contains the heat pump unit and the primary loop at the sink side and the primary
and secondary loops at the source side. This boundary has been introduced because for
ground/water heat pumps and air/water heat pumps the distinction between primary and
secondary loops at the source side is not possible.

Boundary 3: contains the heat pump unit, the primary and secondary loops at the source side,
the primary loop at the sink side and the backup heater. At this level the comparison with the
conventional heating systems is possible.

Boundary 4: contains the heat pump unit, the equipment on primary and secondary loops of
source and sink (i.e. the heat distribution is included) and the backup heater. At this level the
performance of the whole system, from the heat production to the distribution, is assessed.

In the following figures, the defined system boundaries and their application on real water-to-water and

air-to-water heat pump plants are shown.
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Fig. 3-2: Example of system boundaries on water-to-water Heat Pump plant
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Fig. 3-3: Example of system boundaries on air-to-water Heat Pump plant

3.3.3 Performance Indicators
Below the formulas for calculating the performance indicators are shown in details for each system
boundary.

3.3.3.1 Boundary 1 - Only heat pump
Fig. 3-4 shows the system boundary around the heat pump (Boundary 1) and the energy flows through it.

QH_hp

=
—

heat source :fl>
heat pump

PAVAN
I

QW_hpp

Fiw_np Enw_hp

Fig. 3-4: System Boundary 1 and energy flows through it
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Starting from the general definitions given in chapter 3.3.1, the performance figures can be calculating as
follows:

+
SPFl — QH,hp QW,hp

Eqw_hp+FHW hp (3-9)
SPER, = EHW,hpiZTZZZiMMt,ZZ'f p.fuel (3-10)
o
NO, Fy = D0 2 i s (3-12)

QH _hp + QW_hp

According to standard EN12309, at this level, i.e. Boundary1, and at levels related to the boundaries 2a
and 2b, the SPF shall be calculated also for each energy carrier separately. Specifically, by using the
nomenclature adopted in this standard, the SPF becomes:

For the only thermal input

- Seasonal Fuel Utilization Efficiency defined as the ratio of the total useful energy to the thermal
input energy from fuel (i.e. gas, oil, methane) calculated as the product of gross calorific value
and fuel volume flow.

Qu np + 0
SFUE, = 20 _ <Wnp (3-13)

F HW _hp

In case of gas as fuel, the volume flow shall be converted into standard metric conditions, i.e. at the
atmospheric pressure, 101.325 kPa, and at temperature of 15°C according to the following formula:

_ PajtDj—Pwj 288.15

1013.25  273.15+t,; (3-14)

Where:

Vi is the measured gas flow rate at the considered scan, in cubic meter per hour
Paj is the atmospheric pressure at the considered scan, in millibar

o] is the gas supply pressure at the gas meter at the considered scan, in millibar
Puwi is the partial vapour pressure in the gas used at the considered scan, in millibar
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tgj is the gas temperature at the gas meter at the considered scan, in degrees Celsius

In this case SFUE1 is also called as SGUE.
For the only electrical input

- Seasonal Auxiliary Energy Factor defined as the ratio of the total useful energy to the electrical
energy input from the auxiliaries.

SAEF, = 2w Wy (3-15)

Egw np

3.3.3.2 Boundary 2a - heat pump and primary circuits at sink and source side
Fig. 3-5 shows the system boundary around the heat pump (Boundary 2a) and the primary circuits at
source and sink side. The energy flows through it are also shown.

2a QH_hp

Pump—primary source heat pump Pump—primary sink
heat source >

f T g™

Es P_pump FHWhp EHW_hp Es P_pump

Fig. 3-5: System Boundary 2a and energy flows through it
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At this level the performance figures can be calculating as follows:

SPF. _ QH_hp + QW_hp
2A —
ES P_pump + EHW_hp + FHW_hp + EB P_pump
QH_hp"’QW_hp
SPER,, =
24 ™ (B Ppump YEEW ., YEB Ppump) fp.ettFHW hp fp.fuel
Co, F , =

€O 5 ppyy + CO2 By, + €028y pyy + CO2 iy 1

QH_hp + QW_hp

NO, F =

NOx_Esppump +NO ) + NOy g, Pyump +NO

X_Enw, X_FHw_hp

Qu_np + Qw np
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3.3.3.3 Boundary 2b - heat pump, primary circuit at sink side and primary and secondary
circuits at source side

Fig. 3-6 shows the system boundary around the heat pump (Boundary 2b) and the primary circuit at sink

side and primary and secondary circuits at source side. The energy flows through it are also shown.

IVI ES S_pump

2b v %

2
Pump—second source
heat pump
heat source Pump—primary source Pump-primary sink [ >
AN Z\ 2\ N\ Qw_np
2 N N N
ES P_pump I:HW_hp EHW_hp Es P_pump

Fig. 3-6: System Boundary 2b and energy flows through it

At this level the performance figures can be calculating as follows:

QH_hp + QW_hp

SPFap = Ess pump + Esp pump + Enw np + Fuw np + Eg p_pump (3-20)
Qu np + Qwon
SPERzp = (Es s pump + Es pyymy T EHW,:pp'i' Ep P;u:p) “foet T Fuw np * fp.ruel (3-21)
co, F =
COZ_ES Pyump + COZ_ES Spump + COZ_EHWM, +CO; g, Pyump + COZ_FHW_hp (3-22)
Qu np + Qw np
NO, F =
NOypp o +NOy g +NOc gy +NOisy,  +NOypy,,, (3-23)

Qu_np + Qw np
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3.3.3.4 Boundary 3 - heat pump, primary circuit on sink, primary and secondary circuits on

source, and back-up system

Fig. 3-7 shows the system boundary (Boundary 3) around the heat pump, primary circuit at sink side,
primary and secondary circuits at source side and the back-up system. The energy flows through it are

also shown.
H ES S_pump H EHW_bu
QH_hp
Pump — second source Buck-up
heat Z:{> A heat pump P : — :: > Quw_su
- ump — primary sin
source PP Y ::>
o GRS, (S A
Esp_pump Faw hp Enw hp Es p_pump
Fig. 3-7: System Boundary 3 and energy flows through it
At this level the performance figures can be calculating as follows:
SPF. — Qu_np + Qw np + Quw pu (3-24)
3= -
ES S_pump + ES P_pump + EHW_hp +F HW _hp + EB P_pump + EHW_bu
SPER; =
Qu_np + Qw_np + Quw pu (3-25)
(Es Spump T Es Pyump T Enwy, + Ep Ppump) “foet + Fawy, " fo.ruet + Enw bu " fo
CO; F 34 =
€02 E5 ppyump TC02-Es spump T C02Enw,, V€02 Egw by TC02.Ep ppyyny TCO02 Fw nyp (3-26)
QH hptQw_np
NO, F on =
NOx_ES Pyump + NOx_ES Spump + NOX_EHWhp + NOx_EHW_bu + NOy g, Pyump + NOx_FHVb (3-27)
QH_hp + QW_hp

3.3.3.5 Boundary 4 - heat pump, primary and secondary circuits on sink, primary and

secondary circuits on source, and back-up system

Fig. 3-8 shows the system boundary (Boundary 4) around the heat pump, the primary and secondary
circuits at sink and source side and back-up system. The energy flows through it are also shown.
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Fig. 3-8: System Boundary 4 and energy flows through it
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Fraw_np Enw_hp

At this level the performance figures can be calculating as follows:

SPF,

Qu np + Qw np + Quw bu

AN
|

EB P_pump

ES S_pump + ES P_pump + EHW_hp + FHW_hp + EB P_pump + EHW_bu + EB S_pump

SPER,

Qu np + Qw np + Quw pu

(Es Spump T ES Ppump T Eviwyy, ¥ Eppyy, + Ep S_pump) “foet + Fawy, " fo.fuet + Ex

COz F 54

€02y T €02 By + CO2 b, + CO2 b i + CO254 1y,

Qu_np + Qw np

NO, F_34
NOy g, p + NOy g, Spump + NOx_Enwhp + NOx_EHw_bu + NOy g, Pyump + NO, g
Qu_np T Qw np

Legend:

Esp_pump electrical energy use of the HP pumps on primary source circuit

Ess_pump electrical energy use of the HP pumps on secondary source circuit
EBP_pump electrical energy use of the primary heat sink (building) pumps

Egs_pump electrical energy use of the secondary heat sink (building) pumps
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Enw_hp electrical energy use of the HP for SH and DHW

FHw hp fuel energy (i.e. gas, oil, methane) use of the HP for SH and DHW

EHw_bu electrical energy use of the back-up heater for SH and DHW

QH_hp quantity of heat of the HP for SH

Qw_hp quantity of heat of the HP for DHW

QHw_bu guantity of heat of the back-up for SH and DHW operations

CO,; guantity of CO, emitted by the components of the specific boundary (heat pump,

circulation pump, back-up heater, etc.)

NOy guantity of NOy emitted by the components of the specific boundary (heat pump,
circulation pump, back-up heater, etc.)

fp primary energy conversion factor

For a deeper analysis, it is possible to calculate the performance indicators for different operation mode
of the heat pump, i.e.:

- Heating
-  DHW
- Defrosting

And for different working conditions:

- stationary condition

- stationary + transient condition

- full condition (it includes periods during which the HP is on and periods during which is in
standby)

To characterize the behavior of the only FSHP, it’s more significant to analyze the performance indicators
calculated on stationary cycles.

Including the transient conditions instead, it’s possible to see how the heat pump works also during the
first part of the cycles and the influence on performances of the system’s design and regulation.

The performance indicator calculated in full conditions (all operation time, including standby heat pump
periods) shows the global behavior of the system. For example, it includes also the electrical energy
absorbed by the circulation pump even when the heat pump is in standby mode.
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3.3.4 Performance evaluations
The Primary Energy Ratio indicator (PER) summarizes the global performance of the heat pump system.
To deeper appraise its significance and understand the reasons for good or bad efficiency, it is important

to analyse the PER along with further parameters, which characterize the operating conditions of the

heat pump and of the other components of the system:
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External conditions: external temperature and relative humidity, which determine, on the one
hand, the thermal energy requirements of the building and consequently the load factor of the
heat pump, and, on the other hand, the performance of the air-source heat pumps.

Working conditions of the heat pump: supply temperature, temperature difference between
supply and return to the heat pump, temperature of the renewable energy source; all these
parameters, calculated during the running cycle of the heat pump, have a direct influence on the
performance of the heat pump itself, thus on PER1/PER1*.

Features of the specific operating mode (heat, cool, DHW, defrost): supply temperature and
percentage of running time for each operating mode. These indicators are useful to evaluate the
effect of each operating mode on the performance of the heat pump (PER1/PER1*), for example,
the defrosting cycles can considerably affect the efficiency of air/water heat pump systems.
Duration and frequency of heat pump cycles: average duration and daily number of running
cycles of the heat pump. These indicators reveal if the heat pump is working in steady state
conditions, which allow the machine to develop its useful effect. Otherwise, if the heat pump
cycles are short and frequent, PER1/PER1* could be compromised.

Management of circulation pumps: comparison between the running time of the heat pump
and that of the circulation pumps, and between the energy consumption of the system during
the working cycle of the heat pump and the consumption during the whole period. These
indicators represent the relative importance of the electrical consumption of circulation pumps.
This becomes a significant percentage of the global consumption, in particular in systems where
the circulation pumps are always running, with an impact on PER2b

Operation time of the system: comparison between the working period of the heat pump and
the schedule of the occupants of the building. This might reveal an incorrect management of the
heat pump system (e.g. in operation while occupants are absent and the heat distribution is
turned off), with an impact on the resulting PER1/PER1*.


http://context.reverso.net/traduzione/inglese-italiano/steady+state+conditions
http://context.reverso.net/traduzione/inglese-italiano/steady+state+conditions

Monday Tuesday Wednesday  Thursday Friday Saturday Sunday

2/212015 3/2/2015 4/2/2015 5/2/2015 6/2/2015 71212015 8/2/2015

Monday Tuesday Wednesday Thursday Friday Saturday Sunday

Fig. 3-9: Carpet plot of the hourly trend of the heat pump thermal power during a typical week of a system installed in:
above: a city-hall, with a operation time of the system adequate for the building use; below: a school, without any regulation
of the operation time (running system h24).

The definition of measuring equipment for the performance evaluation can be found in the appendix 6.5.
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3.3.5 Architecture of the data collection, transmission and elaboration system
All the monitoring sensors shall be connected to an acquisition system for the data collection,
transmission and elaboration. The system should provide the following requirements:

e automatic recording of monitoring data with a fixed sampling time (a time-step of 1 minutes is
recommended);

e safe and reliable connection between the acquisition system and a central data server;

e automatic data saving system with periodic backup (better daily);
automatic calculation procedures for the data validation, the evaluation of the performance
indicators and the fault detection.

The data collection, transmission and elaboration system is represented in Fig. 3-10 a data logger collects
each minute the signals from the all sensors (see Appendix 6.5 for details) and sends them to the server
once a day; the connection can be provided by a GSM or ADSL system, the last one is more advisable
because of its higher stability.

Fig. 3-10: Scheme of the data collection, transmission and elaboration process

3.3.6 Validation procedure
Before doing any evaluation, it is necessary to verify the reliability of the collected data.

A first check shall be done just after having installed the monitoring system in order to assure that each
sensor is measuring the wanted physical quantity. This control consists of verifying if the collected data
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are coherent or not, for example to check if the flow and return temperature sensors are twisted, or if
the flow meter is installed in the same direction of flow, or if the correspondence between input and
output energies of the heat pump occurs.

After this check, a continuous validation procedure shall be set and applied on all monitored quantity.
For example it shall be checked if there are missing data, if the measured value are inside the validity
range previously fixed for each specific quantity, if there is electric consumption of the circulation pump
when there is flow, if the energy balance among output and input energies is verified, etc..

Once the data have been validated, they can be elaborated in order to calculate the performance
indicators and detect the possible faults due to design and regulation or due to damages of the system
components.

3.3.7 Fault detection and diagnosis of design, regulation and control errors

Through monitoring data it’s possible to detect different types of errors from the design to the control of
the system that can strongly influence its performances. Once they have been identified, corrective
measures can be taken to improve the behavior of the system.

Some examples of these errors are shown below, from the easiest to the hardest to be solved:

e control errors (user level): wrong operation time (e.g. in a school FSHP works during night and
weekend);

e regulation errors (operator level): flow temperature too high, pumps always running even when
compressor is off;

e design errors (designer level): no buffer or small storage tank; oversize heat pump.

8
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OFF: TOO SMALL
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— Edof HF MCEOT_kw
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03.02.14 04.02.14 05,02.14 06,02.14 07.02.14 08.02.14 09.02.14

Fig. 3-11: Example of chart showing the heat pump input energy, the supply and the return temperatures; in this system
because of the undersized buffer the compressor has very frequent on-off cycling
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3.3.8 Detection of system damages
The fault detection aims also at finding wrong behavior or damages of the heat pump and of the system
components, such as:

e heat exchanger fouling;

o filter fouling;

e antifreeze electrical resistance that starts when it’s not necessary;

e damages of the connection between the compressor and the circulation pump, that continues
running even if the compressor is off, causing an overheating of the water;

e flow interrupted because of valves closed erroneously by operators.
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Fig. 3-12: Example of the overheating of the water temperature on the source circuit caused by damaging of the source
circulation pump, installed inside the heat pump, which is always running even when the compressor is off.

3.4 Round Robin test on adsorption heat pump

In Task C, the applicability, unambiguousness and comprehensiveness of the existing relevant standards
used for assessing fuel heat pumps were investigated. For the purpose, a round robin test on a hybrid
fuel heat pump was carried out according to the European standards EN12309:2014 and VDI 4650. The
main goals were: collecting comments upon the practical application of the above-mentioned standards
to be forwarded to the relevant TC's; to suggest improvements of the test procedures; and to verify the
consistency of the results achieved by applying the different methods.

The Round Robin Test (RRT) was performed on a geothermal hybrid heat pump (i.e. VITOSORP 200-F)
supplied by a partner of the consortium (VIESSMANN). It consisted of a condensing boiler for the peak
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load and of a zeolite heat pump module for the base load. The whole appliance was able to modulate the
heating capacity from 1.6 kW to 10 kW.

The choice to test this kind of appliance was dictated mainly by its operational complexity. Indeed, in
hybrid heat pumps, the combination of two technologies in one appliance and, in this specific case, the
presence of an adsorption heat pump module, generates a discontinuous and cyclical machine’s
operation.

The tests were carried out at two different temperature applications: low temperature application

(28 °C - 35 °C) and medium temperature application (35°C- 45°C C); and at “AVERAGE” climatic
conditions. The method used was “Inlet temperature method” while, for results’ reproducibility reasons,
water was employed as heat transfer medium at outdoor heat exchanger.

Four laboratories were involved in the RRT: AIT, POLITECNICO DI MILANO, ISE and VIESSMANN.

Fig. 3-13 and Fig. 3-14 show respectively the drawing of the main internal components of the hybrid
heat pump and main technical characteristics and some pictures of the test installation at POLIMI
laboratory.

Fig. 3-15 instead shows the trends of the main quantities of interests during the tests. Specifically, an
operation cycle illustrating the machine’s behaviour has been extrapolated.

Analysing the operation cycle shown in Fig. 3-15, it’s possible to distinguish four different phases:
adsorption phase, during which only the sorption module is working; adsorption plus boiler phase,
where both the condensing boiler and the sorption module are working; boiler phase, where only the
condensing boiler is working; and desorption phase, where only the sorption module is working and any
heating is produced.
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CONDENSING BOILER

ZEOLITE HEAT PUMP MODULE

Name manufacturer

Viessmann Werke GmbH & Co. KG

Product name

Mame national distributor

Type

Woerking pair:
Refrigerant & sorbent
Application

Configuration(s)

Source of driving energy
QOutput heating [kW]
(VDI 4650-2)

Output DHW [kW]
Output cooling [kW]
Output HP module [kWw]

MNominal annual performance for
heating [¥%] (VDI 4650-2)

Mominal annual performance for
DHW [3] (VDI 4650-2)

Water temperatures [°C]

Electricity consumption [W]
Control

Status of product

Vitosorp 200-F

Viessmann Werke GmbH & Co. KG
Combined gas fired condensing boiler and
adsorption heat pump

Water/Zeolite

Heating and DHW

Heat source: boreholes (¥50 m) or ground
collectors.

Natural gas E. LL and LNG P
1,8-11,0(35/28°C)
1,8-10,3(55/45°C)

max. 15,1

1,8-4,5
124 (H,, 35/28°C)
115 (H,, 55/45°C)
109
?

average: 130
Adsorption HP covers the base heating
load, condensing boiler covers the peak
heating loads as well as DHW demand

Commercial product

Fig. 3-13: Hybrid heat pump: drawing and main characteristic
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Fig. 3-14: Figure 1 Hybrid heat pump installation at POLIMI Laboratory
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These four phases and their alternation affect the applicability of several requirements of the analysed
test procedure such as the limits on the permissible deviations of the quantities of interest. For example,
the evaporator (i.e. the “outdoor” heat exchanger) and the internal circulation liquid pump, responsible
for the circulation of the heat transfer medium between the machine and the geothermal probes, work
only when the sorption module is adsorbing. This means that the monitored quantities at this
component such as the inlet and outlet temperatures, flow rate and the differential external static
pressure will have an unsteady behaviour (Fig. 3-16). It’s easy to understand that it’s not possible to
respect the limits on permissible deviations prescribed in Table 4 of the standard EN 12309:2014, Part4
(Fig. 3-17).

VA Ad WV EVAP | T inlet_-
Avg 5,15
2 Max 6,64
Min 4,77

1

0 T T T T T T T T ]
12:00:00 12:14:24 12:28:48 12:43:12 12:57:36 13:12:00 13:26:24 13:40:48 13:55:12 14:09:36

—— Evapinlet temperature  — Eyap outlet temperature

Fig. 3-16: Detail of inlet and outlet temperatures at the evaporator
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Table 4 — Permissible deviations on the set values during steady-state operation tests for inlet
temperature method

Permissible deviations of the Permissible deviations of
Measured quantity time average measured values individual measured values from
from set values time average measured values
Outdoor water or brine Inlet
- inlet temperature maximum > load 270 % | £0,2K | maximum > load 2 70 % 05 temperature
70 % > load 240 % +02K | 70 % > load 240 % +0,7K) Tolerance
load < 40 % 03K | load <40 % 0,9 that cannot
- outlet temperature maximum >load270% | 03K o be respected
70 % > load 240 % 03K / /
load < 40 % +04K
- flow rate rated capacities +2% | rated capacities < +5% >
others capacities / others capacities \\
Indoor water or brine Flow rate
- inlet temperature maximum >load 270 % | +0,2K | maximum >load270% | +05K Tolerance
70 % > load 240 % +02K | 70% > load 240 % +07K that cannot
load < 40 % +03K | load <40 % +09K be respected
- outl
outlet temperature / / / /
rated capacities +2 % | rated capacities +5%
- flow rate B i
others capacities / others capacities /
Electrical input
- voltage +4% +4%
NOTE  Permissible deviation includes the regulating capability of the test apparatus.

Fig. 3-17: Table 4 of EN 12309-4:2014: Permissible deviations for inlet temperature method

The same can be said for the condenser (i.e. indoor heat exchanger), where the only two parameters
that have to respect the limits of permissible deviations are the inlet temperature (red line in Fig. 3-18)
and the flow rate since, after a certain time, their behaviour depend only by the control of the test rig.
The only parameter that, in this case, is influenced by the hybrid heat pump’s operation and that
therefore has an unsteady behaviour, is the outlet temperature (see Fig. 3-18, dark blue line).
Nevertheless, no requirements are foreseen on this parameter even if it is crucial for the distribution
system. With this regard, it could be useful to have a requirement (a permissible deviation) on that.

Concerning the permissible deviations of the inlet temperatures instead, they vary (the amplitude) based
on machine’s load: i.e. as the load decreases, the deviation increases. This is not necessary since the
fluctuation of the inlet temperatures depend only on the test rig control and not on the machine. The
restrictive one can be used.

Another aspect that was pointed put concerns the test duration, i.e. equilibrium phase plus data

III

collection phase. From the executed tests, it emerged that some “special” cycles occur (see Fig. 3-18).
This means that the choice of the test duration shall be done in order to consider all operational
peculiarities of the hybrid heat pump under test. According to the prescription given in the paragraph
4.5.2.1 of EN 12309-4:2014, the equilibrium period and the data collection period shall be at least of 40

minutes and 30 minutes respectively.
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It’s clear that, for this kind of machines, the definition of these periods in terms of minutes is not
representative but it shall be done in terms of complete operational cycle instead. From the tests carried
out, it was concluded that minimum appropriate number of operational cycles that can also allowed to
collect a significant number of samples could be eight. This number is also high enough to include all
possible strange or peculiar cycles.

20\ RN

0,00} - - : y y " . : o
16:17:27 16:37:27 16:57:27 y:17:27 17:37:27 17:57:27 18:17:27 18:37:27 18:57:27 19:09:38

Fig. 3-18: Operational cycles: definition of test duration

Another remark concerns the additional test at 30% part load. See Table 10 of EN 12309-7:2014.

It’s not clear the reason of this request since the heat pumps, in general, follow the climate curve and it
is already foreseen a test at around 30% part load and it is the “E” test conditions. Then, always for this
additional test there are two “peculiarities”: first, the test conditions are given in terms of inlet
temperatures and not ibn terms of outlet temperatures like in the other tables listing the rating
conditions and it’s not clear the reason; second, in the note “a” of Table 10 of EN 12309-7:2014 the
restriction related to the AT is fixed (depending on the temperature application) and not expressed in
terms of maximum allowed AT. All these aspects could generate confusion for the test labs.

A final remark concerning the reduced capacity tests. According to the standard, when the minimum
heating capacity provided by the machine is higher than the required part load (“target”), ON-OFF tests
shall be performed, i.e. tests where periods when the machine is ON and works at the minimum allowed
capacity alternate with periods when the machine is OFF. The duration of these periods are calculated
through a formula. Form the round robin test it emerged that these tests besides to be not
representative of the reality, they are also time consuming.
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Fig. 3-19: Dimensionless test results: measured heating capacities (left axis) and GUE for each laboratory (right axis)

Fig. 3-19 shows the (dimensionless) results obtained during the round robin test. As it is possible to
observe, even if there is the necessity to revise some parts of the test procedure, the achieved results
showed a high grade of consistency among them especially in terms of GUE.

While concerning the heating capacity, due to a wrong flow rate at source side used by the laboratory 3,
the difference between the highest and the lowest value on the average vary from 3 % to 7 %.

4. Best Case Studies

4.1 Simulation studies GHP (Polimi, Warwick, ISE)

4.1.1 UK Simulation Studies
Introduction

The UK is likely to be a major market for gas heat pumps due to its large winter heating demand in
comparison to electrical grid capacity. In order for a complete move to electric heat pumps to occur, the
electrical grid and distribution system would require significant upgrade. Peak building heat demand is
nearly 250 GW, so assuming electric heat pumps at the coldest period of the winter to have a COP of 2.5
around 100 GW of extra electricity capacity would be needed. The present peak electricity load is less
than 50 GW. The required infrastructure upgrades would be vast entailing meeting peak electricity loads
up to 3 times present capacity. Whilst some of this could be mitigated by heat storage, the extra load
presented by Electric Vehicle (EV) charging and the variability in supply of renewable electricity could
make the problem worse. Many scenarios recognise that the gas grid is likely to have a role to play up to

63



2050, and fuel driven heat pumps could have a role to play in reducing carbon emissions during this
period. The gas grid may be partially or wholly replaced with bio-methane or renewably produced
hydrogen, and gas heat pumps would have a role in reducing the amount of sustainably produced gas
required.

It was therefore decided that a separate UK simulation study would be worthwhile at the request of the
UK’s Department for Business Energy and Industrial Strategy (BEIS).

Methodology

Housing Types and Climate

Table 4-1 gives a breakdown of the UK housing stock by type [68] rescaled to the complete UK housing
stock given in the United Kingdom Housing Energy Fact File [69]. More than half are terraced and semi-
detached. The third most common is detached (unless bungalows are treated as a separate housing type
in which case it is flats). It was therefore decided that these three housing types would be simulated.
Although flats represent a significant number of dwellings, many may not have a gas supply and
installation of an air-source unit would be more difficult. They may be better suited to a single communal
heating system, which could be catered for by existing larger capacity units.

Table 4-1: UK Housing Stock by Type (Cambrdige Housing Model)

Type Bungalows not Bungalows
Separated Separated

Terraced 8,076,418 (29%) 7,740,000 (28%)
Semi Detached 7,844,435 (29%) 7,130,000 (26%)
Detached 5,949,144 (22%) 4,560,000 (17%)
Flats 5,550,000 (20%) 5,580,000 (20%)
Bungalow NA 2,400,000 (9%)
Total 27,420,000 27,420,000

Fig. 4-1 shows a breakdown of the UK housing stock by wall construction type for the three chosen
housing types. It can be seen that the most common construction type for terraced houses is uninsulated
solid (brick) wall (41%). This was therefore chosen as the construction type for terraced houses. For
semi-detached houses the most common is insulated cavity wall and for detached uninsulated cavity.
Since many of the insulated cavity walls are post-construction filled and the post-filling process is
relatively inexpensive and straightforward, it was decided that the semi-detached and detached types
would be modelled as post construction filled cavities. The U-value was taken as 0.65 W mK?, in light of
studies which found that post-construction filled cavities do not perform as well as previously predicted
[70].
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Other 3% Other 2%

Uninsulated Solid 22%

Insulated Cavity 22%

Insulated Solid < 1%
Insulated Cavity 41%

Insulated Solid < 1%

(a) Terraced (b) Semi-Detached

Other 3%

Insulated Solid < 1%

Insulated Cavity 35%

(c) Detached
Fig. 4-1: Housing Wall Construction

Since three quarters of the terraced, semi-detached and detached housing stock is fully double-glazed,
with a further 20% having a mixture of double and single glazing, all three types were modelled with
double-glazing.
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Table 4-2 gives the specifications of the three house types, which were chosen by calculating average
values from the Cambridge Housing Model [68]. The terraced and semi-detached houses were oriented
with the front and back walls facing East-West and the external side wall of the semi-detached faced
North. Windows were distributed evenly over the external walls for all house types. The roofs were
considered to be pitched tiled roofs. These were modelled by considering the air within the roof space to
be at the ambient external air temperature with no air movement and the convective heat transfer
coefficient above the loft insulation taken to be 7.7 W mK™.
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Table 4-2: Specifications of the three house types

Parameter Terraced Semi-Detached Detached

Wall type Solid brick Post construction filled | Post construction filled
cavity cavity

External Wall Area 51 m? 84 m? 147 m?

(exc. windows)

Window Area 15 m? 22 m? 36 m?

Plan area 6mx7m,41m? 6mx8m, 48 m? 8.8m x 8.8m, 77.4 m?

Loft Insulation

0.15m, 0.035 W mK-
1

0.15m, 0.035 W mK-
1

0.15m, 0.035 W miK*

Party Wall Area

2x75mx55m=
82.5 m?

1x80mx53m=
42 .4 m?

0 m?

Climate and Heating Control Strategy

The chosen location was Birmingham, and the model was built in TRNSYS which includes Meteonorm
weather data. Two heating control strategies were modelled: Twice per day and All day. For the twice
per day heating control the internal set temperature was maintained between 6am-8am and 5pm-10pm.
For the all day heating control, the internal set temperature was maintained from 8am to 10pm. The
internal set temperature was 20°C.

The EU standard tapping profile No. 2 (100 litres per day) was taken for the Domestic Hot Water (DHW)
consumption.

Heating Systems

Five heating systems were modelled for comparison and are detailed in the table below.

Table 4-3: Modelled Heating Systems

No. | Heating System Capacity
1 Condensing Boiler (CB) 12 kW

2 Gas Fueled Heat Pump (GFHP) 18 kW

3 GFHP with Condensing Boiler backup 9+12 kW
4 15 kW Electric HP + Auxiliary Electric Heater 15 kw

5 9 kW Electric HP + Auxiliary Electric Heater 9 kW

The GFHP capacity was 18 kW as per the Robur K18 and with a turndown ratio of 5:1. In anticipation that
18 kW may be slightly oversized, a half capacity 9 kW machine with condensing boiler backup was also
modelled for comparison. It was assumed that this machine would have the same Gas Utilisation
Efficiency (GUE, the ratio of heat output to gas input) and half the parasitic electrical power requirement
of the 18 kW machine. The GUE of the GFHP is shown in the figure below at 100% and 33% capacity.
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Two electric heat pumps: 15 kW and 9 kW were also modelled for comparison on the basis of running
costs and CO; emissions. The COP (Coefficient of Performance, the ratio of heat output to electricity

GUE

@GIR=100%
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GUE @GIR=33%

Fig. 4-2: GFHP GUE at 100% and 33% capacity [71]
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input) of the electric heat pump is shown in the figure below at 100% and 33% capacity.
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The heat emitters were considered to operate at the EU standard ‘high’ temperature with 55°C supply
temperature. This is generally sufficient for standard radiators fitted to UK houses, as a heat pump would
operate at a lower output over a longer period of time than a boiler which would tend to cycle on and off
frequently. For houses where the radiators are undersized this can often be remedied by replacing type
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Fig. 4-3: Electric Heat Pump COP at 100% and 33% capacity [71]

11 and 21 radiators with types 22 and 33.

Model

The modelling was carried out by Politecnico di Milano (POLIMI) using TRNSYS and is described in [71]. It

includes modelling of the thermal mass of the building structure and contents.
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Results

The tables below show the results for the twice per day and all day heating control. The gas price was
taken as 2.8 p kWh and the electricity price 12.4 p kWh™. The latest BEIS conversion factors (July 2018)
were used for the gas and electricity CO, emissions at 0.18396 kg CO,e/kWh and 0.28307 kg CO,e/kWh,
respectively.

Table 4-4: Model Results: Twice per Day Heating Control

Building Plant Heating Control : Twice per day. 6am-8am and 5pm-10pm
Heat % Heat
Delivered | GasUsed Electricity Fuel Cost| Delivered by | Heat Pump
Type Size Sim Code|GUE/COP [kwh] [kWh] Used [kwh] [cO2[kgl| [£] HP GUE/COP
CB 12 kw 1.1 0.892 31640 35466 243 6593| £ 1,023 0 -
Detached GHP 18 kw 2.1 1.37 31619 23059 827 4476 £ 748 100 1.37
GHP+CB [9+12 kW 4.1 1.26 31663 25163 1135 4950 £ 845 78 1.45
CB 12 kw 6.1 0.9 18120 20124 181 3753 £ 586 0 -
Semi-Detached|GHP 18 kw 7.1 1.37 18141 13214 541 2584| £ 437 100 1.37
GHP+CB [9+12 kW 9.1 1.31 18131 13867 785 2773 £ 486 88 1.43
CB 12 kw 11.1 0.904 22050 24390 220 4549 £ 710 0 -
GHP 18 kw 12.1 1.37 22076 16113 676 3156 £ 535 100 1.37
Terraced GHP+CB |9+12 kW 14.1 1.33 22061 16531 917 3301 £ 577 89 1.43
EHP+AEH |15 kW 15.1 24 22046 0 9187 2601 £ 1,139 94 2.66)
EHP+AEH |9 kW 16.1 2.09 21999 0 10517 2977| £ 1,304 80 2.85]
Table 4-5: Model Results: All Day Heating Control
Building Plant Heating Control: Once per day. 8am-10pm
Heat % Heat
Delivered | GasUsed Electricity Fuel Cost| Delivered by | Heat Pump
Type Size Sim Code|GUE/COP|  [kWh] [kWh] | Used[kwh] |co2[kgl| [£] HP GUE/COP
CB 12 kw 1.2 0.898 33983 37858 268 7040| £ 1,093 0 -
Detached GHP 18 kw 2.2 1.38 34034 24708 901 4800 £ 804 100 1.38
GHP+CB [9+12 kW 4.2 1.3 34006 26166 1234 5163| £ 886 84 1.45
CB 12 kw 6.2 0.908 19247 21201 203 3958| £ 619 0 -
Semi-Detached|GHP 18 kw 7.2 1.37 19257 14017 584 2744 £ 465 100 1.37
GHP+CB [9+12 kW 9.2 1.34 19256 14407 831 2886 £ 506 92 1.43
CB 12 kw 11.2 0.907 23556 25965 239 4844| £ 757 0 -
GHP 18 kw 12.2 1.38 23571 17149 710 3356 £ 568 100 1.38
Terraced GHP+CB [9+12 kW 14.2 1.38 23564 17349 977 3468| £ 607 91 1.43
EHP+AEH |15 kW 15.2 2.56 23556 0 9206 2606| £ 1,142 96 2.76
EHP+AEH |9 kW 16.2 2.3 23505 0 10211 2890| £ 1,266 85 3.01]

The electric heat pump was only modelled for the terraced house, so the charts below show the CO,
emissions (s. Fig. 4-4) and running cost comparison (s. Fig. 4-5) for the terraced house with twice per day
heating control. The results are not significantly different for the all day heating control.
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Fig. 4-4: Annual CO; Emissions for Terraced House with Twice per Day Heating Control
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Fig. 4-5: Annual Fuel Cost for Terraced House with Twice per Day Heating Control

Analysis

The results show that an 18 kW GFHP with 5:1 turndown ratio performs well in all 3 house types, giving a
seasonal GUE of 1.37-1.38 and a fuel cost saving of between 25 and 27% compared to a condensing
boiler. However, a 9 kW machine with condensing boiler backup could provide more than 80% of the
demand via the heat pump and still save 18-20%. If a 9 kW machine were introduced at significantly
lower capital cost than an 18 kW machine, then its payback time would be shorter. The conclusion is
therefore that a machine in the region of 10 kW would be ideal for the UK market.

The running cost of the GFHP is around half that of the electric heat pump at current electricity prices.
Electricity grid CO, emissions are extremely low at the present time which means that the electric heat
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pump has 18% lower CO, emission than the GFHP. This is a grid average however and it remains to be
seen if this can be maintained in winter as more electric heat pumps are installed, as well as once
demand from electric vehicles increases. GFHP CO; emissions are 31-32% lower than a condensing
boiler, a figure which will change very little.

Potential Effect on UK CO, Emissions

Two scenarios for GFHPs are considered and compared in Fig. 4-6: The first assumes that the market will
saturate at a 70% share of gas heating appliances annual sales after approximately 12 years (the rest of
the market remaining as condensing boilers). The second assumes that after 7 years on the market, the
cost of GFHPs reaches the point where legislation requiring their use is introduced, in much the same
way as was carried out for condensing boilers replacing non-condensing boilers.

100%
90%
80%
70%
60%

50%

Market Share

40%
30%
20%
10%

0%
2025 2030 2035 2040 2045 2050
Year

70% Market 100% Market

Fig. 4-6: Scenarios for GFHP Market Share

Current CO, emissions from domestic gas fired heating systems are around 55 Mt per annum, compared
to around 80 Mt in 1990. Fig. 4-7 shows firstly what happens if the status quo is maintained (blue line) of
replacing boilers with condensing boilers (current mean UK boiler efficiency obtained from the
Cambridge House Model and an assumed boiler lifetime of 15 years). Emissions would reach around 49
Mt by 2040 if all boilers were by then condensing.
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Fig. 4-7: Potential Domestic Gas Heating Appliance CO; reductions

By replacing boilers with GFHPs, the figure shows that CO; emissions could reach a minimum of 34 Mt by
around 2045, representing a 6% reduction in overall UK CO, emissions compared to today and a 4%
reduction compared to the status quo scenario. This is a major impact for just a single technology.

Conclusions

Modelling has shown that a GFHP could achieve an annual Gas Utilisation Efficiency of around 1.38 in UK
homes and save between 25 and 27% in fuel costs compared to a condensing boiler. The ideal machine
capacity for minimum payback time is likely to be in the region of 10 kW.

4.1.2 Polimi Simulation Studies
Introduction

Several studies about the development, optimization and integration of efficient heating devices are
available in the literature, although most of these works deal with electric heat pumps and buildings
characterized by very low heating demands. Advanced system configurations are also investigated, with
heat pumps coupled with other technologies, as internal combustion engines, solar thermal or
photovoltaic-thermal systems. To provide a wideer and in-depth view of the performance of different
heating systems in Europe, including fuel driven sorption heat pumps and buildings with different energy
demands, a simulation study is carried out. The analysis focuses on the residential market and on single-
family houses, which represent 66% of the residential buildings in EU28 by floor area [72]. To provide
results of general applicability, the comparison is performed for several cases, changing the variables
that mostly affect the performances, i.e. the climatic condition and the quality of the building envelope.
Care is given to simulate the part load behaviour of the appliances. As for the selection of the heating
systems the criteria of low cost, simple installation, low maintenance and large potential market have
been followed. The six resulting heating system layouts are the following:
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- Condensing boiler (CB);

- Condensing boiler with solar system for DHW production (CB+SS);

- Electric heat pump with electric back-up (EHP+AEH);

- Hybrid system with electric heat pump and gas back-up (EHP+CB);

- Gas absorption heat pump monovalent (GHP);

- Gas absorption heat pump with gas fired back-up (GHP+CB).

With the purpose of providing relevant and exhaustive results, the comparison has been carried out
based on three indicators: primary energy, CO2 emissions and economics.

Methodology

The comparison among the different heating system has been performed for nine cases defined as the
combination of three climatic conditions, identified by the main European standards on this topic [73,
74] (average, cold and warm), and three building standards, namely “old”, “refurbished” and “new”
buildings representative for each climate. The nine resulting buildings have been modelled in TRNSYS 16,
using Type 56. The heat demand for space heating has been calculated through six minutes time-step
simulations and coupled with the DHW demand to generate the heating demand for the system model.
Separating simulations for building and system is considered the most suitable approach, thanks to
simplicity and stability of the simulation results. System has been sized by means of the “Maximum heat
load calculation” method, which sets the ambient temperature at the minimum of the given location and
switches off the internal and solar gains.

Building modelling

The selection of the building features has been done considering two antithetic needs, namely
representativeness of the typical buildings in each climatic condition and minimization of the number of
cases to analyze. Consequently, the nine cases share common building geometry, occupancy and internal
loads, while they differ on U-values and envelope permeability.

Climate data

Three different climate zones were selected, corresponding with the three different climates defined by
the European ERP Directive. For the weather data, the following Meteonorm weather files have been
used:

- Helsinki (cold climate): FI-Helsinki-Kaisani-29980

- Strasbourg (average climate): FR-Strasbourg-71900

- Athens (warm climate): GR-Athinai-167140
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Buildings description

The heating load profiles were defined for a single-family house (further referred to as SFH), based on
the outcome of Task 44 “Solar and Heat Pump Systems” of the IEA Solar Heating and Cooling program
[75]. The building consists of two levels, with a floor area of 70 m? each. The simulation is carried out
considering the buildings as a single thermal zone. The features of the envelope have been selected
coherently with the building location. For each climate, the envelope of the old, refurbished and new
buildings have been defined based on the results of the European projects TABULA and EPISCOPE [76].
The selected buildings are reported in Table 4-4, identified according to the nomenclature used in the
TABULA database. In
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Table 4-5, the resulting U-values for the different surfaces and for each building are summarized.

Additionally, it is reported the U-value variation due to the thermal bridges and the infiltration rate. The

required ventilation rate is obtained by the difference between the air change for hygienic purposes, set

to 0.4 h-1 for all the building, and the infiltration rate. When the air change is provided by a mechanical
ventilation system, a heat recovery system with an effectiveness of 60% is considered. The reference
buildings have been selected according to the following criteria:

1) The year of construction of the old building is antecedent the implementation of energy efficiency
regulation and the period of construction is the most representative one. For the warm climate, the
database contains a single typology for all buildings before 1980, which has been selected as
representative of the old building.

2) The refurbished building corresponds to the same building typology of the old building, but
refurbished according to the “usual refurbishment” approach reported in the TABULA datatabase.

3) Forthe new building, the “improved standard” has been considered for the average and the cold
climate, whereas the “ambitious standard” has been chosen for the warm climate to better
differentiate from the refurbished building.

Table 4-4: Building selected from the TABULA database as reference for the modelled buildings.

Climate building condition building ID
existing state DE.N.SFH.05.Gen — 1958-68

average usual refurbishment DE.N.SFH.05.Gen — 1958-68
improved standard DE.N.SFH.12.Gen — after 2016
existing state GR.ZoneB.SFH.02.Gen — before 1980

Warm usual refurbishment GR.ZoneB.SFH.02.Gen — before 1980
ambitious standard GR.ZoneB.SFH.04.Gen — after 2011
existing state NO.N.SFH.02.Gen — 1956-1970

Cold usual refurbishment NO.N.SFH.02.Gen — 1956-1970
improved standard NO.N.SFH.07.Gen — after 2011
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Table 4-5: Main building features for the nine cases.

Average climate Cold climate Warm climate

Old Refurb. New Old Refurb. New Old Refurb. New
Uwal 1.10 0.23 0.15 0.41 0.29 0.10 2.20 0.41 0.35
Uroof 0.80 0.41 0.13 0.36 0.21 0.08 3.70 0.40 0.30
Usioor 1.00 0.31 0.15 0.90 0.90 0.15 0.95 0.95 0.75

W/(m? K)

Uwindows 2.80 1.30 1.10 2.80 1.90 0.80 4.70 3.00 1.82
Udoor 3.00 1.30 1.30 3.00 1.30 1.30 3.00 1.30 1.30
AU prig, 0.10 0.10 0.05 0.10 0.05 0.02 0.15 0.10 0.05
Infiltr. ht 0.40 0.20 0.10 0.40 0.20 0.05 0.40 0.10 0.05
vent. No Yes Yes No Yes Yes No No No
System

Internal gains

Internal gains due to the presence of occupants and to the use of equipment and lighting are considered
in the calculations. One person is associated with 20 W of convective and 40 W of radiative gains. The
latent heat, usually about 40 W, is not considered in the simulation, as humidity is not controlled by the
system. Both the profiles for the occupation and equipment and lighting are described by an hourly
schedule, as reported in [75] and assumed identical for each day. The corresponding yearly energy
amounts to 3.0 kWh/m2/y of convective and 6.0 kWh/m2/y of radiative gains for occupation and 13.4
kWh/m2/y for equipment.

Heating set points

The heating set point is 20 °C between 6:00 and 22:00 while it is lowered at 16°C for the remaining
hours. For each building, the heating season has been defined according to the building location (see
Table 4-6).

Table 4-6: Heating season limits for the different climates.

Helsinki Athens Strasbourg
From 01-sep 01-nov 0l1-oct
To 31-may 30-apr 30-apr

Domestic hot water demand

The tapping profiles defined in the Commission Delegated Regulation (EU) No 812/2013 [77], concerning
water heaters, have been considered. The cycles define a DHW demand over a period of 24 hours,
specifying for each tapping the typology, the beginning time and the amount of energy in the hot water,
according to the typology. In the present work, coherently with the building size, the tapping cycle “L”
has been used, corresponding to a household with four occupants. According to the Standard, the inlet
water temperature has been set a 10 °C for all the buildings. Over the 24 hours of the cycle, an amount
of water equivalent to 200 litres at 60 °C is drawn, corresponding to 11.7 kWh per day. Concerning DHW
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system layout, a storage tank of 80 litres has been used, heated up by means of an internal coil. The set
point temperature in the tank is 60 °C, with dead band equal to 5 °C.

Plant modelling

System layout and sizing criteria

A general layout of the hydraulic schemes is reported in Fig. 4-8. The back-up, when present, is installed
in series with the main heating device. The hydraulic separator (HS) has a volume of 50 litres and the
mass flow rate on the primary and secondary circuit are constant and set according to the maximum
space heating demand of each building.

DHW TANK
/TN
DHW
«——
~ N
HEATING DSQ 4 ‘b
DEVICE
(+ BACKUP) HS
@ — SPACE
HEATING

Fig. 4-8: Generic scheme of the systems layout.

At the design temperature the main heating device and the back-up provide the heating capacity
corresponding to the maximum steady-state heat load of the building. When a back-up system is
installed, the main heating device is able to meet the demand only above a certain external
temperature, called bivalent temperature. Above the bivalent temperature, the heating device
modulates its heating capacity. For the different system configurations, the following dimensioning
criteria have been followed:

1) CB, CB+SOL and GHP: the size of the monovalent appliances is chosen to provide the maximum
building load at the design air and water outlet temperatures. As the solar system is used for DHW
only, the CB operates as a monovalent appliance for space heating.

2) GHP+CB: lacking more detailed studies about the proper set of the bivalent temperature of a GHP
with a CB as back-up, a preliminary investigation on the optimal sizing has shown that, as a rule of
thumb, the GHP design conditions shall cover about 50% of the maximum building load.

3) EHP+AEH: as the EHP is always more efficient than an electric resistance, the EHP should run
whenever possible. Thus, a bivalent temperature equal to the minimum operating temperature has
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been chosen. Below the minimum operating temperature, the load is fully covered by the electric
heater.

4) EHP+CB: the heat pump capacity is lower than the maximum building demand. The bivalent
temperatures for the warm and cold climate are set according to the limits proposed by the
Standard UNI EN 14825, i.e. 7 °C for warm climate and -7 °C for cold climate. Since in both cases the
ambient temperature is lower than the bivalent temperature for about 9% of the heating season, the
same criterion has been used to decide the value of the bivalent temperature for the average
climate, set to -2 °C.

The resulting heating capacity for each system is reported in Table 4-7. When two numbers are

displayed, the first refers to the main heating device, the second to the back-up. The reported capacities

are related to the rating conditions defined by the Standards [73, 78], i.e. the external air temperature of

7 °C and water temperature 40/45 °C and 41.3/55 °C for the EHP and GHP respectively.

Table 4-7: Capacity of main and back-up heating devices.

old ren. new
Qumain_nom Qbackup Qumain_nom Qbackup Qumain_nom Quackup
cB 13.0 - 10.0 - 6.0
s CB+SOL 13.0 - 10.0 - 6.0
E EHPE 193 12.2 17.8 9.9 9.5 6.0
% EHP+CB 10.2 13.0 7.9 10.0 3.9 6.0
" GHp 17.2 - 13.5 - 6.6
GHP+CB 8.7 7.0 6.7 5.0 33 3.0
cB 14.3 - 6.3 - 45
£ CB+sOL 143 - 6.3 - 45
% EHP+E 15.4 42 9.4 0.0 6.3 0.0
% EHP+CB 14.1 5.0 5.8 3.0 3.7 2.0
& GHP 18.6 - 7.7 - 4.9
GHP+CB 9.4 8.0 4.0 4.0 2.5 3.0
cB 20.0 - 6.0 - 5.0
o CB+sSOL 20.0 - 6.0 - 5.0
% EHP+E 23.2 6.0 7.9 0.0 53 0.0
E EHP+CB 12.3 11.0 3.8 4.0 2.7 3.0
* GHp 22.3 - 6.6 - 45
GHP+CB 11.2 10.0 3.3 3.0 2.2 3.0

Emission system and set point temperature

The emission system of the old building is based on radiators, thus, the water supply temperature at the
design conditions is 65 °C. For what concerns the refurbished building, it is assumed that the emission
system is not changed with the renovation. However, the supply temperature is set at 55 °C, under the
hypothesis that the refurbishment of the envelope, reducing the heating demand, allows lower radiators
temperature. For the new building, it is assumed that an underfloor heating system is used, with a supply
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temperature of 35 °C. A climatic curve is used to modulate the supply temperature according to the
external air temperature. In particular, the climatic curves have been shaped based on the test
conditions of the Standards for heat pumps seasonal performance assessment [73, 74], dependent on
the climate and on the nominal supply temperature. The supply temperature is set at the highest value
at the design conditions and reduced linearly as the outdoor air temperature increases.

Condensing boiler model

The gas condensing boiler model is based on the European Standard CEN EN 15316-4-1 and, specifically,
the “boiler cycling method” and the “high efficiency modulating gas condensing boiler” suggested by the
standard. The resulting efficiency is mainly influenced by the return water temperature and the load
factor (LF). Fig. 4-9 shows the resulting thermal efficiency (nGCV) against the return water temperature,
calculated for three different load factors.
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Fig. 4-9: Boiler thermal efficiency on the GCV against the return
water temperature for three LF.

Electric heat pump model

The electric heat pump model is based on the data included in a performance map provided by a
manufacturer [79], reporting the appliance capacity and COP with air temperature ranging from -20 °C to
40 °C and compressor frequency ratio (CFR) of 33%, 66% and 100%. More details can be found in [71].
The selected appliance is an air-to-water heat pump for residential application, with an inverter driven
compressor and with a nominal heating capacity of 15 kW at air 7 °C and water 40/45 °C. It has been
verified that the appliance is representative of the units available on the market by comparing its
efficiency with the efficiency of appliances from the Eurovent database [80].
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Gas absorption heat pump model

The GHP model, which details can be found in [81], is based on experimental data carried out on an
ammonia/water gas driven heat pump prototype designed for residential applications. The data have
been collected according to the test procedure defined in the EN 12309-4 and cover a range of more
than 50 working conditions, obtained by the combination of various air temperature, outlet temperature
and capacity ratio (CR). The model consists of a set of algebraic equations that allow calculating the Gas
Utilization Efficiency (GUE) and the Auxiliary Energy Factor (AEF), defined as in Eq. (4-1) and Eq. (4-2),
based on the external air temperature, the return water temperature and the CR.

GUE = Qh/ans (4-1)

AEF = Q, /W (4-2)

Once the GUE and AEF are known, the gas (ans) and electrical (W) inputs can be calculated from the
required heating capacity (Qh). More details can be found in [71].

Solar system model

The solar system is composed by a field of flat plate solar thermal panels, a circulation pump and a heat
exchanger immersed in the DHW tank (Fig. 4-10). The flat plate solar thermal panels thermal
performance has been assessed using the Trnsys Type 1. The used efficiency equation parameters are:
0.8 for the intercept value, 3.6 W/m2/K for the slope and 0.014 W/m2/K2 for the curvature. Lastly, about
the effects of off-normal solar incidence there are 5 possibilities for considering it using the Trnsys Type
1. In this instance, a linear function has been used to compute the incidence angle modifier (IAM). The
coefficient of the function used is 0.2 for the 1st order IAM.
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Fig. 4-10: Scheme of the solar system

Results

Heating need

The yearly SH demand for the nine buildings are reported in Table 4-8. The DHW demand, equal for the
nine cases, is 30.5 kWh/m2/y. The monthly details can be found in Fig. 4-11, Fig. 4-12 and Fig. 4-13, for
the warm, average and cold climate respectively. The vertical bars display the monthly SH and DHW
demand profiles for the old (O), refurbished (R) and new (N) buildings, while the lines show the trend of
the maximum, average and minimum monthly mean air temperatures.

Table 4-8: Building heating needs for the
various cases.

climate  building Sk\'jvﬂfnfgys
old 208.1
warm refurbished 58.5
new 42.5
old 230.6
average refurbished 65.6
new 25.0
old 202.8
cold refurbished 146.1
new 29.0
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Fig. 4-11: Monthly SH and DHW demand and external mean air temperatures for the warm climate.
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Fig. 4-12: Monthly SH and DHW demand and external mean air temperatures for the average climate.
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Fig. 4-13: Monthly SH and DHW demand and external mean air temperatures for the cold climate.

Primary energy consumption

The performances of the different systems are summarized in Fig. 4-14, Fig. 4-15 and Fig. 4-16 for the
old, refurbished and new buildings respectively. In the charts, the light grey bars represent the gas yearly
input and the dark grey bars are the required electrical input. The considered electrical input is limited to
the auxiliaries of the heating device, while the consumption of circulation pumps or system controls has
not been accounted in the comparison. In fact, since these contributions depend on the building and not
on the heating device, they just represent a constant offset on the analysis. Thus, for condensing boiler
the amount of electrical energy consumption is barely visible, due to the negligible auxiliaries, and for
gas driven heat pumps it is rather small, being associated to the fan and solution pump operation only.
The electric heat pump with electrical back-up does not require any gas input, while for the system with
electrical heat pump and back-up boiler, inputs of both gas and electricity are required. The dots
represent the Primary Energy Ratio (PER), calculated according to Eq. (4-3) with different values of the
Primary Energy Factor (PEF). In fact, the calculation of the primary energy consumption for each case
depend on the PEF used for the conversion of electrical energy into primary energy.

Qn (4-3)

PER = —— 0
Qgas + Wiy PEF

For this work, the calculations have been performed for PEF values of 2.5, 2.0 and 1.8, i.e. the actual, the
newly proposed and an even lower value, which may become the reference in a future scenario with
higher renewable energy penetration. As expected, the variation of the PER with the PEF is almost
negligible for the systems with condensing boiler or GHP, while it becomes significant when an electrical
heat pump is used. Comparing the different systems, in the cold climate, the results suggest that the
monovalent GHP is the system with the higher PER for all the buildings, regardless of the PEF. This result
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can be explained with the capability of GHP to maintain a high GUE even at high thermal lifts, both given
by low ambient temperature and high water temperature. The gap between GHP and EHP increases in
the new building, even if the underfloor heating system allows relatively low thermal lift for space
heating, because the average lift along the year is increased by the high share of heating energy
delivered for the DHW production. With a PEF for electrical energy of 2.0 or below the systems based on
an EHP have a PER higher than the condensing boiler, except for the system with electrical back-up in the
cold climate. Considering the average climate, the monovalent GHP remains the solution with the
highest PER in both the old and refurbished building, while both the systems with EHP perform better in
the new building. This is explained considering that EHP have a steeper relation between thermal lift and
performances. Thus, even if their efficiency is lower at high lift, it becomes higher when climatic
conditions or supply temperature allow low lifts. Therefore, the PER of EHP-based systems results higher
also for the warm climate, except for the new building in the warm climate, where the fraction of
heating power at high temperature required for the DHW production is high. In this case the PER of the
monovalent GHP and the EHP+CB are very similar, with the value of PEF for electricity above 2.0. A
dependence of the performance by the fraction of delivered energy dedicated to the DHW production is
found also on the impact of the solar system on the system performances. In old buildings, where the
demand for the DHW is about 10% of the overall heating demand, the increase of the PER is small. In
new buildings, where the DHW can reach 50% of the heating demand, the improvement of the PER much
more evident. Besides the building typology, the climatic conditions affect the performance of the solar
system, with a higher contribution in the warm climate than in the average and cold. Summarizing, the
calculations show that systems alternative to the condensing boiler can provide higher efficiency in
terms of primary energy. Additionally, the results suggest that climate and building typology drive the
selection of the system configuration. In particular, fuel driven heat pumps result the most suitable
technology for retrofitting the heating system of existing buildings when the original high-temperature
emission system is maintained. Additionally, they can also be preferred to EHP for new buildings in the
cold climate. Electric heat pumps best fit the warm climate and the new buildings in the average climate.
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Fig. 4-14: Yearly gas and electricity demand and PER for the old building in the three climates.
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Fig. 4-15: Yearly gas and electricity demand and PER for the refurbished building in the three climates.
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Fig. 4-16: Yearly gas and electricity demand and PER for the new building in the three climates.

CO, emissions

Besides primary energy, CO, emissions represent another useful indicator for policy makers when
comparing different heating technologies. The calculations have been performed at UE level, using a CO>
emission intensity for electricity generation of 275.9 gco2/kWh, as reported by the European

Environmental Agency [82]. For what concerns the natural gas, a value of 205 gco,/kWh has been used.
The results reported in
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Table 4-9 for the different climatic conditions and building typology, show that all the alternative
systems guarantee CO; savings compared to the condensing boiler. The savings given by the solar system
depend only on the climate, as solar energy is used only for DHW production, which is independent on
the building typology. On the contrary, EHP and GHP guarantee savings that are dependent on the
heating demand, higher in the old buildings and lower in the new ones. Comparing the alternative
configurations investigated for the EHP and the GHP, in both cases the solution with a condensing boiler
as back-up system gives the least CO, savings. In the case of the EHP, this can be explained with the
different sizing criteria applied, which reduce significantly the operation of the electric back-up
compared to the condensing boiler back-up. For what concerns the cases with the GHP, the CO; savings
depend only on the seasonal efficiency of the system that is always lower for the monovalent appliance.
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Table 4-9: Yearly CO, emission savings and relative variation compared to condensing boiler.

CO; savings (kgcoaly)

Cold average Warm

CB+SS 263 (-3%) 327 (-4%) 501 (-7%)
EHP+AEH 2844 (-37%) 3914 (-46%) 4391 (-57%)

old EHP+CB 2335 (-30%) 3550 (-41%) 3892 (-50%)
GHP 2010 (-26%) 2511 (-29%) 2525 (-33%)

GHP+CB 1549 (-20%) 2011 (-23%) 2003 (-26%)

CB+SS 271 (-5%) 397 (-13%) 564 (-19%)
EHP+AEH 2234 (-39%) 1337 (-44%) 1678 (-58%)
Renovated EHP+CB 1868 (-32%) 1120 (-37%) 1264 (-44%)
GHP 1517 (-26%) 917 (-30%) 1016 (-35%)

GHP+CB 1142 (-20%) 717 (-23%) 635 (-22%)

CB+SS 334 (-18%) 408 (-23%) 571 (-25%)
EHP+AEH 530 (-29%) 907 (-52%) 1244 (-54%)

New EHP+CB 475 (-26%) 763 (-44%) 990 (-43%)
GHP 460 (-25%) 518 (-30%) 822 (-36%)

GHP+CB 290 (-16%) 294 (-17%) 443 (-19%)

Cost targets

Prime cost is usually the main factor hindering the diffusion of more efficient heating technologies. Thus,
an economic analysis is required to complete the picture provided by this comparison. However, a direct
comparison based on actual market prices would not provide meaningful results, because of the
differences levels of maturity among the technologies. Using the condensing boiler as reference
technology, the acceptable cost difference has been calculated as an economic indicator, i.e. the
additional cost that can be accepted for a given technology compared to a condensing boiler. The
calculation has been performed for some representative European Countries, using the natural gas and
electricity prices provided by Eurostat [83, 84], which include taxes and levies, and reported in Table
4-10. Unlike for primary energy and CO, emissions, for what costs are concerned, it makes less sense to
carry out an analysis at European level, since the economic and boundary conditions of the space
heating and DHW markets vary significantly from country to country. The results of the economic
analysis can be found in Table 4-11, where the considered climatic condition is reported within brackets
for each country. To improve readability, the results have been rounded to the nearest hundredth. The
acceptable additional cost is strongly dependent on the heating demand of the building, thus it is usually
higher in the old buildings and lower in the new ones. Additionally, it depends on the gas and electricity
prices and on the ratio between the two prices. Looking at two extreme situations, in Sweden, with high
gas price and low ratio between electricity and gas prices the acceptable additional cost is high for all the
technologies, especially for EHP. On the contrary, in Germany the price of electricity is high, while the
ratio between electricity and the gas prices are rather low. Thus, EHP are not economically convenient
and also the technologies using gas as main energy source have a lower acceptable additional cost than
in other countries.
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Table 4-10: Electricity and natural gas prices in € and ration between the two prices.

Sweden France Germany Italy Netherlands UK Greece
electricity price 0.19 0.17 0.30 0.24 0.18 0.19 0.18
gas price 0.12 0.07 0.07 0.08 0.08 0.06 0.07
ratio 1.7 2.3 4.4 2.8 2.3 3.1 24

Table 4-11: Additional acceptable cost compared to condensing boiler for a simple pay-back time of 5 years for different
European countries (in €).

Sweden France Germany ltaly  Netherlands UK Greece

(cold) (average) (average) (average) (average) (average) (warm)

CB+SS 700 600 500 700 600 500 900
EHP+AEH 5 000 1000 -10 700 -2 500 1300 -3 300 3300

old EHP+CB 4800 1200 -8 700 -1 600 1600 -2 400 3100
GHP 5500 4000 3200 4600 4500 3200 4 200

GHP+CB 4300 3200 2500 3600 3600 2600 3300

CB+SS 800 700 700 800 800 600 1000
EHP+AEH 4100 200 -4 100 -1 100 300 -1 400 1300
refurbished EHP+CB 4100 400 -2 600 -400 600 -700 1300
GHP 4200 1500 1100 1700 1600 1200 1700

GHP+CB 3100 1000 700 1100 1100 800 1000

CB+SS 900 700 700 800 800 600 1000
EHP+AEH 700 500 -1 500 0 700 -300 800

new EHP+CB 1000 800 -400 600 900 300 1100
GHP 1300 800 600 900 900 600 1400

GHP+CB 800 400 300 500 500 300 700

Conclusions

The seasonal energy efficiency of six different heating systems for space heating and DHW production in
a single-family house has been compared numerically in terms of primary energy. To include the main
variables affecting the results, the analysis has been carried out for three different representative
European climates and for three different building standards for each climate.

- The benefit given by the solar systems are higher in warm climates and in new buildings, where the
energy need for DHW is comparable with the need for space heating.

- The thermal lift impacts on the performances of the heat pumps, but more significantly on vapour
compression than on absorption appliances. Consequently, the GHP would result a promising option
for high-lift applications, i.e. in the cold climate and for existing buildings, with radiator-based
emission system

- The distinction of the most suitable heating device for each building becomes less obvious if the
comparison is made in terms of CO, emissions or costs.
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- From a comparison at EU level based on CO; savings, all the considered technologies provide an
emission reduction compared to the condensing boiler. In particular, systems with an EHP result the
less impacting, especially if an auxiliary electric heater is used.

- The economic comparison evaluated the maximum acceptable additional cost compared to the cost
of a condensing boiler. The prices of natural gas and electricity influenced significantly the results. In
particular, in old buildings, in countries with high electricity prices as Germany, Italy or UK, the EHP
have to be less expensive than condensing boilers to be economically convenient. In Germany this is
the case for refurbished and new buildings too. On the contrary, in countries with higher gas prices
or lower electricity prices, the additional prices for EHP and GHP are comparable.

4.1.3 ISE Simulation Studies

A simulation study has been performed to provide performance numbers of gas fired sorption heat
pumps in the residential sector in order to assess the impact of such systems with respect to
environmental effects, compared to conventional heating systems.

Scope

A comparative approach is applied in this study: two different fuel driven sorption heat pump
technologies based on currently developed technologies are compared with conventional heating
technology, representing the exclusive use of a condensing gas boiler (reference system). The phrase
‘current technology’ in this context means one market available technology (ammonia-water absorption
technology) as well as present laboratory test status of a water-zeolite adsorption technology. For these
technologies, reliable data to execute the comparative calculations are available. Other technologies
(e.g. ammonia-active carbon adsorption, ammonia — salt absorption, other ammonia-water absorption
cycles) are still under development and may achieve promising performance results in the near future,
see sections above.

To assess the potential of the heat pump systems, building loads from typical residential buildings are
applied. The loads are generated through building simulation, but on base of well-defined building
standards. The applied building models range from non-retrofitted multi-family houses (MFH) to new
single family houses (SFH, present building standard). All calculations are executed for meteorological
conditions of five European sites.

Economical aspects and life-cycle aspects are not topic of this study. An energetic and economic
comparison of absorption and electrically driven compression heat pumps is e.g. shown in [71].

Thus, the performance figures and environmental savings presented in this study reflect the running
system operation. The results are presented as annual values of performance (i.e., gas utilization
efficiency) and environmental savings in comparison to the reference system (i.e., CO2 and primary
energy savings and primary energy ratio).

Sites and thermal building loads

Climate data of five European sites (London, Potsdam, Paris, Strasbourg, Milano) were applied in the
study, to determine the building heat loads. From a meteorological point of view, the sites correspond to
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the climate classification [85] of Cfb (warm temperate climate, fully humid, warm summer) with the
exception of Milano, corresponding to Cfa (warm temperate, fully humid, hot summer) respectively.

Despite of identical or similar climate classification, the site dependent temperature conditions reveal
large differences in heating demand for the buildings in the survey. For the calculation of the heat
demand, hourly data of ambient temperature and humidity were generated for each site by use of the
meteorological engineering software Meteonorm [86].

For four sites, the minimum ambient temperatures are still above -10°C and thus conform with the
‘average climate’, as classified in the European Standard EN12309, part 7 [86], whereas the Potsdam site
normally fits to the ‘cold climate’ classification. Nevertheless, in the light of the very few hours of falling
below -10°C at Potsdam site and for reasons of a better comparison of the results, the heating system
temperature curve of the ‘average climate’ was applied in the calculations to all sites.

The meteorological data set of Strasbourg is additionally used for the performance calculation of a
representative European site (EU), applying European conversion numbers for primary energy use and
greenhouse gas emission instead of individual national conversion numbers.

In the building sector, multi-family houses (MFH) play an important role in greenhouse gas avoidance
strategies, as their share on building stock and on living space area is high. e.g., in Germany, 31% of the
living space accounts to small and medium size MFH with 3 to 12 apartments [87]. Another reason for
the interest in MFH in the context with this study is that the market available gas fired sorption heat
pump from the manufacturer Robur with its capacity of 18 kWth or above yet does not fit to small
residential buildings.

For the assessment in this study in the context with a larger gas driven heat pump, an MFH model was
applied, which was defined within the activities in the Low-Ex project group [88]. The building model
images an MFH with 3 floors and 3 apartments on each floor. The building standard corresponds to the
construction period of 1959-1978, as compiled by the Tabula/Episcope Projects (see:
http://episcope.eu); the total number of occupants is 13. The building model setup and calculation of
thermal loads was performed in the simulation environment of TRNSYS, version 17 [89].

Two versions of the building are applied:
1. MFH asrepresentative for an average German non-retrofitted building (building stock);

2. MFH+ retrofitted in a conventional way according to Tabula/Episcope specifications for
Germany, which resemble the requirements of the German EnEV 2014/2016 [90].

The load data are transferred to hourly data of each hour of a representative year of meteorological data
for the sites previously specified. Additionally, thermal loads for preparing domestic hot water (DHW) for
the buildings are included. The annual share of heat demand for DHW preparation on the total heat
demand is shown in Fig. 4-17, revealing the distinctly higher significance of hot water preparation in
buildings with higher energy saving standards.

91



Multi Family House B MFH MFH +

20
15
10
5
0
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For small capacity gas fired adsorption heat pumps, the market of single family houses (SFH) is of
especial interest. Within this comparative study, two single family houses were modelled and heat loads
for the sites given in Figure 2.1 have been determined:

1. SFH+ asrepresentative for a retrofitted building with 120 m? living area;
2. SFHnew as representative of a new building with 150 m? living area.

The load calculations were carried out with a one-node building model according to DIN EN ISO 13790
[91]. The adopted U-values of the key building components are the averages of the published values of
the respective countries.

The load data are determined as hourly data of each hour of a representative year of meteorological
data for the sites previously specified. An overview on site dependent heating loads is given in Annex Al
of this study. The number of occupants in both buildings is 4; the DHW loads are calculated accordingly
on base of the approaches, used for the MFH.

The annual share of heat demand for DHW preparation on the total heat demand is shown in Fig. 4-18.
In general, the set value of supply temperature in heating systems is expressed as a function of the
ambient temperature. This heating system temperature is essential in the calculations, since the
performance of sorption heat pumps as with all heat pumps is very sensitive to the supply temperature
level.

In this study, the heating system temperature relations are derived from EN12309, part 7 [86]. The High
Temperature curve (max. 55°C) requires moderate effort in exchange of e.g. appropriate radiators and is
applied in the calculations of the multi-family buildings (stock and retrofit) in combination with the gas
driven ammonia-water heat pump.

The Medium Temperature curve (max. 45°C) requires more ambition in the heating distribution system
and is applied in the MFH+ and additionally in the calculations of the single family houses, where
adsorption heat pumps are considered.
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Thermally driven heat pump models
Ammonia-Water absorption heat pump

The model is based on the gas fired absorption heat pump from Robur, model K18. The machine uses the
fluid pair ammonia and water and requires ambient air as low-temperature source. Since the evaporator
is integrated into the machine, the heat pump is designed for external installation. The K18 model
provides a heating capacity of 18 kWth (some basic data are given in [92]). Due to the ability to deliver
hot water of up to 60°C, DHW can be prepared beside space heating. The simulation model of the Robur
K18 heat pump was developed by POLIMI [92] and has been applied in other comparative studies as
well, such as [71, 81].

The simulation of the K18 heat pump system reflects a system setup where either the DHW buffer
storage is heated or the space heating is served. In the latter case, a backup gas boiler is implemented to
cover peak loads on demand. This is especially required in applications with a high exploitation of the
heat pump and at colder sites (e.g., Potsdam, Strasbourg).
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Water-zeolite adsorption heat pump

The adsorption heat pump model is based on experimental laboratory tests at Fahrenheit GmbH and
modelling based on these results by Fraunhofer ISE; the machine is not market available yet. In the
experimental setup, the working pair water with the zeo-type material SAPO-34 as adsorbent is applied.
The adsorption module consists of two similar heat exchangers, one acting as combined
evaporator/condenser (EC) and the other as adsorption heat exchanger (AdHX). The AdHX is coated with
SAPO-34 with the partial support transformation technique as by Bauer et al. [40]. The experimental
results and the component data were published by Wittstadt et al. [43].

A detailed numerical model of the adsorption module was developed at Fraunhofer ISE and validated
with the experimental data. The model allows the variation of geometric key parameters of the
components in order to optimize the adsorption module for a given application [93]. The data presented
here are obtained with geometrically optimized components for the heating application. One important
difference between the experimentally tested module and the optimized module is the size of the EC.
The size of the EC was reduced significantly in order to improve the efficiency without worsening the
overall dynamics of the module. The model takes into account important loss mechanisms such as
condensation of the working fluid on the housing and heat flux from AdHX to EC.

The heat pump for this study is considered to be connected to a ground tube as low temperature source,
as low temperatures < 5°C until now cannot efficiently be used with water as working fluid due to
freezing in the evaporator.

The following operation boundaries were included in the model:

Low temperature source temperature: 5°C-9°C;
Medium temperature (inlet into AdHP): 25°C—-43°C;
Desorption temperature (driving heat from gas boiler): 80 °C—120 °C

The source temperature is determined as a function of the ambient temperature in accordance with VDI
4650, which provides corresponding values for heating operation [94]. The maximum heating capacity of
the AdHP research unit is approx. 7 kWth. However, in the comparative study, the capacity is site
dependently adjusted to the building load with the target to maximize the annual overall sGUE (heating
and DHW, including gas boiler performance). Thus, the maximum capacity in calculations ranges from 7
to 11 kWth.

To emphasize a special advantage of adsorption modules, the cycling period of the sorption process can
be controlled in a variable way. In the model, this period is varied between 75 s (high power output, but
moderate to low GUE values) to 500 s, resulting in low power output in part-load situations, but
performing at distinctively higher GUE values.

94



AdHP model AdHP model

8000 16
°
7000 ] 15
° e e
6000 L T 14
— o °
E 5000 L ® 75s, Source: 5°C 13 @ 75s, Source: 5°C
w
g 4000 ® 75s, Source: 9°C 8 1.2 2 > @ 75s, Source: 9°C
)
£ 3000 500s, Source: 5°C 11 b 2 ° 500s, Source: 5°C
500s, Source: 9°C o o 500s, Source: 9°C
2000 1 o *
® ®
1000 09 2
20 25 30 35 40 45 50 20 25 30 35 40 45 50
Medium Temperature, input [°C] Medium Temperature, input [°C]

Fig. 4-19: Performance of the AdHP versus the medium temperature input. Displayed for the minimum and maximum cycling
period (75s and 500s resp.) and for the low temperature bounderies 5°C and 9°C. The lowest GUE values occur at medium
temperatures close the upper limit and at lowest source temperature (5°C) and at short cycling period. In this operation
mode, the efficiency is comparative to the gas boiler efficiency.

For the determination of the actual GUE in the simulation, the gas boiler runs in desorption with fixed
efficiency of 85%, but additional heat recovery in the flue gas heat exchanger increases the heating
capacity and thus the GUE. This is considered through an increase in overall boiler efficiency, using the
relation between hot water temperature (Medium temperature) and efficiency as described.

To illustrate the scope of the AdHP performance, Fig. 4-19 shows examples on modelled performance for
the minimum and maximum low temperature source and for the minimum cycling period (high capacity)
and maximum cycling period (low capacity, high GUE).

In the comparative study, a gas boiler, foreseen to be integrated into the AdHP and actually turning it
into a hybrid heat pump being able to run in direct or heat pump mode, serves as high temperature
source for desorption. Moreover, the boiler is used as peak-load and backup boiler (e.g., heating to the
set point, in case the output temperature of the sorption unit is not matching the set value, given by the
heating temperature curve). The boiler additionally covers all of the DHW heat demand, since the inlet
temperature range into the heating circuit of the sorption unit is below the temperature levels of the
DHW buffer: the lowest temperature level in the DHW buffer in the simulation is 45°C; this corresponds
well with field monitoring results, gained in the German ‘WP Monitor’ project [95].

The system integration, applied in the comparative study for the AdHP development, is shown in Fig.
4-20.
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Fig. 4-20: Sketch of the heating system with the Adsorption heat pump (AdHP).

Condensing gas boiler

The GAHP model returns the GUE for each time step; the model is based on test data. Thus, the internal
boiler efficiency for heating and DHW preparation with the sorption module is indirectly included. For
the external peak load boiler in the GAHP and for the gas boiler in the AdHP system (Fig. 4-20), the
efficiency (base: gross calorific value GCV) is simply calculated as function of the hot water input
temperature into the boiler. The function is shown in Fig. 4-21 and is derived from Haller et al. [96].
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Fig. 4-21: Efficiency model of the gas boiler (peak load use and DHW heating in the AAWP system).

Results

In the following, annual results from the simulations are depicted for the sites, buildings and heat pump
systems as described. For the five sites, national conversion factors for primary energy use and CO;
emissions were used to determine the environmental performance figures.
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For each site and building, a reference calculation is carried out, considering a system without heat
pump but with a gas condensing boiler as only heat source for heating and domestic hot water (DHW)
preparation. Focus is on the performance (seasonal Gas Utilization Efficiency, sGUE) and on
environmental benefits such as CO, and primary energy savings (relative to the expenditures in the
reference system) and on the primary energy ratio PER. The total annual sGUE:a is calculated by
including all gas input into the heat pump and peak load boiler for both heating and DHW preparation.

The calculation of environmental benefits includes beside natural gas consumption the electricity
consumption in the low temperature sources (fan of air source unit, pump of ground tube circuit
respectively) and auxiliary electricity demands, e.g. for the gas boiler fan. Electricity demand for heat
distribution in the building is not considered, as no substantial deviations from the reference system for
this purpose are expected.

Table 4-12 summarizes the results by order of the building types. The range of the results expresses site
dependent differences.

The results are interpreted in the following way:
Absorption heat pump system (ammonia-water):

Highest performance is achieved at applications with a high degree of utilization (high workloads), as the
heat pump performs more favorable in this operation mode. This is especially the case in the non-
retrofitted MFH,;

The performance in combination with MFH+ is comparatively low due to unfavorable part-load
operation of the heat pump, since the machine is oversized for this building loads (since the market
available Robur 18 kW4 is modelled, the capacity is not varied in the simulations). Thus, in an additional
calculation two buildings are served by one heat pump in order to achieve more appropriate workloads
(case: MFH+, 2 units). This leads to increased performance, comparative to the results obtained in the
MFH;

If in the retrofitted MFH+ the heat distribution systems are additionally replaced by low-temperature
distribution systems, allowing the Medium Temperature heating system curve. In this combination, the
highest system performance and environmental benefits are achieved (MFH+, 2 units; Medium heating
temperature);

In the most favorable applications, the sGUE (GCV) exceeds 1.35 and annual CO; savings up to 30 % are
obtained;

The high performance in nearly all applications is supported by the ability of the ammonia-water heat
pump to cover the DHW demand as well. This is especially important in retrofitted buildings, which show
a high share of DHW on the overall heat demand.
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Table 4-12: Summary of the results for the two different heat pump systems, sorted by building types. The range of the

results is due to site dependent differences. The most favorable applications are highlighted in blue. The capacity factor
indicates the adjustment of the heat pump capacity, in order to achieve an adequate heat pump operation. The factor is
applied to the nominal capacity of the adsorption unit (7 kWth). The absorption heat pump model was not adjusted, as this

unit is market available.

Heating
Curve

SGUEtotaI

Absorption: Ammonia-Water

MFH High
MFH* High
MFH*, 2 _

. High
units
MFH*, 2 .

. Medium
units

Adsorption: Water-Zeolite

SFH* High
SFHNEW High
SFH* Medium
SFHNEW Medium
MFH High
MFH* High
MFH* Medium

1.30-1.36
1.22-1.30
1.29-1.35
1.32-1.37
1.13-1.16
1.12-1.13
1.17-1.21
1.15-1.20
1.07-1.12
1.06-1.13
1.12-1.15

Relative
CO2 savings

%

22.9-28.8

19.2-26.3

23.0-29.2

24.7-30.0

16.5-18.7
159-175
18.6-21.3
17.5-20.5
9.8-14.6

11.0-15.8

149-17.7

Adsorption heat pump system (water-zeolite):

Relative PE
savings

%

21.5-26.0

19.5-24.0

21.6-26.5

23.1-27.2

16.4-18.0
15.7-16.7
18.5-20.4
17.4-19.8
9.8-14.5

11.0-15.7

149-171

PER /
PERRef

%

27.4-35.1

21.3-315

27.6-36.0

30.1-37.3

19.7-22.0
18.6 - 20.0
22.7-25.6
21.1-24.7
10.9-16.9
12.4-18.6

17.3-20.6

Capacity
factor

1.5
1.5

1.5

The performance is lower than in the ammonia-water systems in some operation modes. However, in

part-load operation modes, the adsorption system benefits from the possibility to increase the

performance switching to higher cycle periods and thus showing in such operation modes an inverse

behaviour than the ammonia-water heat pump. An appropriate layout and control of the adsorption

system is therefore essential;
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The performance is affected due to the fact, that DHW demand is not supported by the heat pump, but
completely served through the gas boiler. The latter fact is important, since in retrofitted or new
buildings the DHW share on the total heat demand increases;

The heating system temperature curve is more important in the application of this heat pump than in
case of the ammonia-water heat pump. Thus, the highest performance is achieved in buildings, allowing
the medium heating temperature curve;

In the most favorable applications, the sGUE is in the range of 1.2 and annual CO; savings up to 21% are
obtained.

It needs to be kept in mind that a very simple configuration of an adsorption GHP has been modelled,
which does not allow for any kind of heat recovery. Also, the limitations of the zeolite-water working pair
reflect in the fact that the device cannot be run in heat pump mode for LT source temperatures below
0°C due to freezing in the evaporator. Both issues might be overcome by recent technological
developments e.g. with Active Carbon — Ammonia as working pair or by making use of an LT heat source
>0°C, see above.

Table 4-13 presents the results by order of the sites. The range thus reflects the influence of building
types and applied heating temperature curves.
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Table 4-13: Summary of the results for the two heat pump systems and different buildings and heating system curves,
ordered by sites. EU denotes the representative European site, using climate data of Strasbourg and default European

conversion factors (primary energy use and CO, emissions in electricity consumption).

Building,
Heating
Curve

SGUEtotaI

Absorption: Ammonia-Water

Potsdam
London
Paris
Strasbourg
Milano

EU

Adsorption: Water-Zeolite

Potsdam
London
Paris
Strasbourg
Milano

EU

all

all

all

all

all

all

all

all

all

all

all

all

1.22-1.32
1.30-1.37
1.28-1.36
1.23-1.33
1.27-1.36
1.23-1.33
1.06-1.21
1.12-1.18

1.11-1.18

1.07-1.20
1.08-1.17
1.07-1.20

Relative
CO2 savings

%

19.2-24.7
24.3-27.6
26.3-30.0
23.4-28.1
224-27.1

20.7-25.8

9.8-20.3

14.6-18.9
14.1-20.2
11.6-213
11.8-18.6

10.9-20.4

Relative PE
savings

%

19.5-24.9
24.0-27.2
20.7-24.8
17.6-23.1
22.6-27.0

20.4-25.6

9.8-204

14.5-18.8
12.6 —18.5
10.1-19.4
11.7-18.6

10.8-20.3

PER/
PERRes

%

24.4-33.3
31.5-373
26.1-33.0
21.3-30.1
29.2-37.0

25.6-34.3

10.9-25.6
169 —-23.1
14.4-22.7
11.2-241
13.3-22.8

12.1-255

Capacity
factor
1

1

1

1

1

1
1-1.5
1-1.5
1-1.5
1-1.5
1-1.5
1-1.5

Considering the two heat pump systems (absorption and adsorption), a difference occurs at the ‘colder’

sites Potsdam and Strasbourg: In the ammonia-water heat pump system, the performance at Potsdam

and Strasbourg is below the performance at the other sites. This is due to the fact that higher heating

supply temperatures in general affect the performance. In principle, this is true as well in the water-

zeolite system, but the effect can be superposed by the DHW preparation: due to the high heating loads

at these sites, the share of heat demand for DHW is smaller than at other sites. For this reason, the

influence of the low-performance DHW preparation done by the gas boiler is smaller as well.

Consequently, the overall performance achieves comparatively high values in some applications. In the

ammonia-water system this effect is not appearing, since hot water is prepared by the sorption heat

pump as well.
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4.2 Best case example

Residential Space-Water Heating Field Test — Lacrosse, Wisconsin (USA)

In February 2018, SMTl installed a 23 kW GAHP prototype (single-effect NH3-H20, 4:1 modulating) on a
250 m? single-family home in Lacrosse, Wisconsin. The GAHP is connected to a hydronic air-hander
(modulating) and a 300 liter indirect DHW storage tank. Controls are designed to always deliver supply
air temperatures of 38 to 50°C. The GAHP system replaced a 93% (HCV) 2-stage gas furnace and 227 liter
gas-fired storage water heater. In February 2019, the GAHP saw ambient temperatures drop to -34°C on
concecutive nights where it maintained a 19.5°C indoor temperature and the DHW storage tank at 52°C
without a backup heating source. Initial results demonstrat 32-46% reduction in natural gas use for
space heating and a 50% reduction for water heating. The field test is still active. Gas Technologies
Institute (GTI) designed and installaed the M&YV system.

5. Conclusional remarks

Over the last 4 years, the IEA HPT Annex 43 has worked on Fuel Driven Sorption Heat Pumps (GHP). GHP
have been identified as an efficient solution for space heating and sanitary hot water preparation. There
was advance on several ongoing developments both for ad- and absorption technology. A water-
ammonia absorption GHP based on plate heat exchangers (PHE) is under development and shows
promising results both in terms of compactness and efficiency. An absorption GHP for the residential
market is being developed. Another participant is working on the development of an adsorption gas heat
pump with active carbon and ammonia as working fluid, using a promising new adsorber design. The
development of a zeolite-water based GHP is pursued with a consortium of industry and research
partners. The open source SorpPropLib materials database allows evaluation of materials for sorption
heat pumps in SorpSim or other platforms. A common view on market requirements and potential was
found for different markets.

Although the performance figures of the sorption heat pump technologies, analyzed in the context of
residential building heating, are promising, many steps towards a higher share of market penetration
have still to be done. With respect to the adsorption technology (zeolite-water), a challenge remains in
enabling domestic hot water preparation, i.e., to increase the supply temperature level, and further to
allow the use of a more widely available low temperature source, in the best case ambient air or building
exhaust air. Identifying proper materials and heat pump design allowing for this, will make the
technology complementary to present absorption (i.e., ammonia-water) technologies in the residential
sector.

Other obstacles in market penetration are connected with cost, awareness of building planners and
building service companies and system integration. However, gas fired sorption heat pump systems are
still a new technology and demonstrate great potential to decrease the gas consumption considerably on
the one hand without stressing the public electricity grids on the other hand. Thus, the technology can
assist European and national efforts towards a low-carbon energy supply system transformation.

101



Gas (natural gas, biogas, hydrogen etc.) heat pumps for domestic use are potentially a huge market if
they can become the successor technology to condensing boilers whose worldwide production exceeds
13 million/year. Sorption technology can reduce gas consumption for domestic heating by almost 40%
(existing products) and might increase the saving to 60% with corresponding benefits in GHG emissions.

6. Appendix

6.1 National projects and contributions
Germany

Adoso: From 2013-2016, Fraunhofer ISE, SorTech AG (now Fahrenheit AG) and Stiebel Eltron worked
together in a national collaborative project (FKZ 03ET1127) on the development of a gas adsorption heat
pump based on zeolite directly crystalized onto novel aluminium fibre structure heat exchangers). A very
compact adsorption module has been developed and first steps for integration into a GHP have been
done within this project.

AdoSan: Since 2018, Fraunhofer ISE, Fahrenheit AG, Herrmann Burners, Haugg GmbH and other research
partners work together to develop an adsorption GHP for multi-family homes based on zeolite-water as
working pair, making use of the technologies developed in the project Adoso.

Between 2016 and 2019 Bosch Thermotechnik, Robert Bosch GmbH and Fraunhofer ISE cooperated on
the development of a gas absorption heat pump suitable for the high supply temperatures required by
existing buildings. The activities focussed on increasing efficiency and compactness by new absober
concepts and extending the modulation range. Additional objectives were the revision of methods for
experimental characterization and optimizing system control strategies. All activities stopped when
Bosch Thermotechnik dropped out of the GHP development in spring 2019.

Italy

CNR ITAE from 2013 to 2015 worked on the PON “Ricerca e Competitivita 2007-13"

n°02_00153 2939517, in the frame of the project T.E.S.E.O. (Efficient Technologies for Energy
Sustainability and Environmental On Board) — P.O.N. (Research and Competition 2007/2013), focusing on
the development of novel adsorption heat pumps for heating and cooling for naval applications.

CNR ITAE from 2013 to 2016 worked on the “AdP MSE-CNR per la Ricerca di Sistema elettrico” funded by
the Italian Ministry for the Economic Development, on the development of coated adsobers and
innovative evaporator configurations for adsorption heat pumps.
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Sweden

The company SaltX has worked on the development of a gas-driven heat pumps based on salts-ammonia
as working pair in the course of the Annex.

USA

Several projects conducted in the US contributed to the Annex. This includes the following partial list of
projects funded by the US Department of Energy, Building Technologies Office:

- Pre-commercial scale up of a gas absorption heat pump [97]
- Residential gas-fired triple state sorption heat pump [98]

- Combined water heater dehumidifier and cooler [99]

- Commercial absorption heat pump water heater [100]

Additional projects are described in more detail below:

Residential Space-Water Heating Field Test — Erwin, Tennessee (USA)

In March 2016, SMTI installed an early 23 kW GAHP prototype (single-effect NH3-H20, 4:1 modulating)
on a 200 m? single-family home in Erwin, Tennessee. The GAHP is connected to a hydronic air-hander
with a 3-speed fan and a 300 liter indirect DHW storage tank. The GAHP system replaced a Carrier 92%
(HCV) gas furnace and 190 liter electric resistance water heater. The field test, originally scheduled to
last 12-18 months, is still active because the home-owners love the system and requested it to remain.
Gas Technologies Institute (GTI) designed and installaed the M&V system.

Residential Space-Water Heating Field Test — Lacrosse, Wisconsin (USA)

In February 2018, SMTlI installed a 23 kW GAHP prototype (single-effect NH3-H20, 4:1 modulating) on a
250 m? single-family home in Lacrosse, Wisconsin. The GAHP is connected to a hydronic air-hander
(modulating) and a 300 liter indirect DHW storage tank. Controls are designed to always deliver supply
air temperatures of 38 to 50°C. The GAHP system replaced a 93% (HCV) 2-stage gas furnace and 227 liter
gas-fired storage water heater. In February 2019, the GAHP saw ambient temperatures drop to -34°C on
concecutive nights where it maintained a 19.5°C indoor temperature and the DHW storage tank at 52°C
without a backup heating source. The field test is still active. Gas Technologies Institute (GTI) designed
and installaed the M&V system.

In December 2018, SMTI installed 23 kW GAHP prototytypes on two additional homes in Lacrosse,
Wisconsin. One home is configured for space and water heating, the other is space heating only. The
field tests remain active. Gas Technologies Institute (GTI) designed and installaed the M&V system.

Multi-Family Space-Water Heating Field Test — Chicago, lllinois (USA)

In June 2019, SMTI installed an early-stage 40 kW GAHP prototype on a 6-unit multi-family building in
northern Chicago. The GAHP is connected to an 800 liter indirect storage tank which is connected to
both the space heating (hydronic baseboard) and domestic hot water (60°C) systems. Two non-
condensing gas boilers cover the peak load when the GAHP cannot keep up. The space heating system
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supply temperature is a function of the ambient temperature, ranging from 50 to 70°C. Gas
Technologies Institute (GTI) designed and installaed the M&V system.

Residential Space-Water Heating Field Test — Chicago, lllinois (USA) and Toronto, Canada

In December 2019, SMTI installed three late-stage 23 kW GAHP prototypes on three different homes in
the Chicago, lllinois area. All three homes are configured for space and water heating, without a backup
energy source. A fourth home will be commissioned in January 2020 on a single family home in Toronto,
Canada where the 23 kW GAHP will provide all of the space and water heating. Gas Technologies
Institute (GTI) designed and installed the M&V systems.

Full-Service Restaurant Water Heating-Space Cooling Field Test — Los Angelos, California (USA)

In March 2019, SMTl installed a 23 kW GAHP prototype on two different full-service restaurants in the
Los Angelos, California area. Each GAHP is connected to a 435 liter indirect storage tank for domestic hot
water. The GAHP prototypes are configured to automatically direct the cooling load from the evaporator
either to the indoor space of the restaurant (if the thermostat is calling for cooling) or to the outdoor
ambient air. Gas Technologies Institute (GTI) designed and installed the M&V systems. The project is
funded by the California Energy Commission (CEC), GTI prime contractor.

Small GAHP for Space-Water Heating in Low-Load Homes (R&D)

In 2018, SMTI designed and tested an initial 6 kW GAHP (single-effect NH3-H20, 2:1 modulating)
prototype for space and water heating in low-load homes or multi-family units with individual heating
systems. Additional development is on-going. GRDF/Engie provided the initial R&D funding.

Hybrid GAHP-Chiller for Year-Round Space-Water Heating and Cooling (R&D)

In September 2019, SMTI began development of a gas-fired 11 kW GAHP (single-effect NH3-H20, 2:1
modulating) with an integrated 5.5 kW electric vapor compression chiller. This “Hybrid“ design will be
capable of provding year-round space and water heating plus cooling. Intial lab testing is anticipated
before the end of 2020. The Canadian Gas Association (NGIF) is providing the initial R&D funding.

Liquid-Fuel GAHP Development (R&D)

SMTI has begun development of a liquid-fuel (fuel-oil, bio-diesel, etc) fired 23 kW GAHP prototype with
3:1 modulation. An initial field test is scheduled for the winter of 2020-2021. The National Qil-Heat
Research Alliance (NORA) is providing the initial funding.

France

The company Boostheat has developed a gas-driven heat pump in the course of the Annex. Although this
is not a sorption heat pump, the development is mentioned here since the technology has been
introduced to the market and sets a further benchmark with respect to cost and efficiency.
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Austria

NexGen: Gas absorption heat pump of the next generation (AIT, TU Graz): The cooperative research
project, conducted by AIT, the IWT, and the Austrian SME E-Sorp GmbH, aimed at evaluating different
GAX implementations for small-scale absorption heat pumps with respect to their efficiency. Additionally
control strategies for such an appliance were developed.

ThermoPump: Thermally driven solution Pump (TU Graz): The goal of this project, which is a cooperation
of the IWT and the two Austrian companies Pink GmbH and Heliotherm GmbH, was the development of
a thermally driven solution pump as an alternative to the nowadays common electrical solution pump in
absorption heat pumps.

DoublePump: New concept of a thermally driven solution pump suitable for small-capacity
ammonia/water-absorption heat pumping systems (TU Graz): This project was a follow-up project of
ThermoPump and is carried out by the project partners Pink GmbH, E-Sorp GmbH, and IWT. A new dual-
flow concept of a thermally driven solution pump was developed.

IEA HPP Annex 34: Thermal decomposition and corrosion in NH3/H20 heat pumps (TU Graz): This project
was executed within the framework of IEA HPP Annex 34. The scope was an experimental examination of
the formation of inert gases in ammonia-water absorption heat pumps by both corrosion and
decomposition of ammonia.

SOptA: Optimization of NH3/H20 heat pumps by means of simulation (TU Graz): This project was a
cooperation between the German company Bosch Thermotechnology GmbH and the IWT. Scope of the
project was the analysis and optimization of a small-scale (18 kW heating capacity) gas absorption heat
pump prototype.

UK

The UK’s Department of Energy and Climate Change (now Department for Business, Energy and
Industrial Strategy, BEIS) awarded the University of Warwick grant TRN:478/09/2012 to participate in the
Annex and report the results to DECC/BEIS. Five publications were submitted to BEIS, available here:
https://www.gov.uk/government/publications/fuel-driven-heat-pumps

During the course of the Annex, BEIS awarded the University of Warwick a Low Carbon Heating
Technology Innovation Fund grant number LCHTIF1021 to develop their adsorption gas heat pump into a
marketable product:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment data/file/82
5616/BEIS Low Carbon Heating Technology Innovation Fund  summary project details.pdf
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6.2 Meetings and publications

Table 6-1: List of meetings

22.-23.11.2011 End Annex 34, Annex 43 Definition Meeting

9.-10.10.2013 Kick-off Fraunhofer ISE, Freiburg, Germany

4.-5.6.2014 Expert Meeting GdF-Suez, Paris, France

6.-7.11.2014 Expert Meeting Fraunhofer ISE, Freiburg, Germany

9.-10.6.2015 Expert Meeting, AIT, Vienna, Austria

14.-16.09.2015 Workshop ,Friends of Sorption”

20.-21.10.2015 Heat Pump Summit Nirnberg, own Session on gas
heat pumps (Workshop)

9.-10.12.2015 Expert Meeting, Bosch, Wernau, Germany

15.-16.6.2016 Expert Meeting, Polimi, Milano, Italy

26.-27.1.2017 Expert Meeting, ORNL, Las Vegas, USA

Jan. 2017 ASHRAE Winter Meeting, Session on Annex 43
(Workshop)

6.-7.12.2017 Expert Meeting, EHPA, Brussels, Belgium

16.-17.05.2018 Expert Meeting, SaltX, Stockholm,Sweden

16.-18.07.2018 Sorption Friends 2, Workshop, Pisa, Italy

26.-28.11.2018 Final Meeting, Freiburg, Germany

Table 6-2: List of publications

Bendix, P., Fuldner, G., Méllers M., Kummer, H., Schnabel, L., Henninger, S.K.,
Henning, H.-M.: Optimization of power density and metal-to-adsorbent weight
ratio in coated adsorbers for adsorptive heat transformation applications, Applied
Thermal Engineering, 124, pp.83-90, 2017.

Rivero-Pacho, A.M.,  Critoph, R.E., Metcalf, S.J.: Alternative
monolithic/composite carbons for adsorption generators and simulation for
optimal performance, Applied Thermal Engineering, 126, pp. 350-357, 2017.

Scoccia, R., Toppi, T., Aprile, M., Motta, M.: Absorption and compression heat
pump systems for space heating and DHW in European buildings: Energy,
environmental and economic analysis, Journal of Building Engineering, 16, pp.
94-105, 2018.

Zhu, C., Gluesenkamp, K.R., Yang, Z., Blackman, C.: Unified thermodynamic
model to calculate COP of diverse sorption heat pump cycles: Adsorption,
absorption, resorption, and multistep crystalline reactions [Modéle
thermodynamique unifié pour calculer le COP de divers cycles de pompe a
chaleur a sorption: adsorption, absorption, résorption, et réactions cristallines en
plusieurs étapes] International Journal of Refrigeration, 99, pp. 382-392, 2019.

Gluesenkamp, Kyle R.; Andrea Frazzica, Andreas Velte, Steven Metcalf, Zhiyao
Yang, Mina Rouhani, Corey Blackman, Ming Qu, Eric Laurenz, Angeles Rivero-
Pacho, Sam Hinmers, Robert Critoph, Majid Bahrami, Gerrit Fuldner, and
Ingemar Hallin (2020). “Experimentally Measured Thermal Masses of
Adsorption Heat Exchangers,” Energies, 2020 v.13, 1150.

Malenkovi¢, I.: Existing and Emerging International Standards for Evaluation of
Fuel-Fired Sorption Heat Pumps. Oral contribution for the 2017 ASHRAE
Winter Conference, Las Vegas, USA.
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Malenkovié, 1., Schossig, P.: Gaswarmepumpen, Stand der Technik und
Energieeffizienz (IEA HPP Annex 34 und Annex 43). Oral contribution at the 21.
Waérmepumpentagung on June 17th, 2015, Burgdorf, Switzerland.

Malenkovié, 1., Wittstadt, U., Bongs, C., Schossig, P.. FUEL DRIVEN
SORPTION HEAT PUMPS: OVERVIEW OF THE TECH-NOLOGY,
MARKET AND SYSTEM PERFORMANCE. Oral contribution at the Gustav
Lorentzen Natural Working Fluids Conference 2016, Edinburgh, UK.

Malenkovi¢, 1., Schossig, P.: IEA HPP Annex 43: Fuel Driven Heat Pumps. Oral
contribution at the European Heat Pump Summit 2013 in Nuremberg, Germany

Malenkovié, I.: Gas heat pump development and performance evaluation - IEA
HPT Annex 43. Oral contribution at the European Heat Pump Summit 2015 in
Nuremberg, Germany

Schossig, P., Nienborg, B., Flldner, G., Heilck, J., Critoph, B., Aprile, M.:
Seasonal Performance Evaluation of Gas Heat Pumps with Different Working
Pairs under Varying Boundary Conditions. Oral contribution at the 2017
International Sorption Heat Pump Conference in Tokyo, Japan.

Melograno, P.N., Malenkovi¢, 1., Schossig, P.: Assessment of Standardised Test
and Performance Evaluation Methods for Fuel Driven Sorption Heat Pumps. Oral
contribution for the 13th IEA Heat Pump Conference 2020 in Jeju, Korea.
(Postponed for April 2021)

6.3 Additional tables

Table 6-1: Summary of the master equation forms of the equilibrium correlation for adsorption working pairs

Equilibrium Correlation Type Equation Form Coefficient Constants
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Table 6-2: Summary of the master equation forms of equilibrium correlations for absorption working pairs

Equilibrium Correlation Type

Equation Form

Coefficient Constants
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6.4 Coefficient constants in sorption isotherm database

6.4.1 Toth
Table 6-3: Coefficients for Toth equation
Y bo i n C m | k
Refrigerant Adsorbent 0 *108 R ° Literature | Valid range
[o/kg] [-] K] 1 [
[kPa] | g
Zeolite 5A 642.4 6.761e-2 | 5.625e3 2.7e-1 |-2.002el 1 n [101] -45~175°C
13X 585.2 4.884e2 | 2.991e3 | 7.487e-2 | 3.805el 1 n [101] -45~175°C
SG - 655.6° | 5.164e-1 | 2.330e3 |-3.053e-1 | 2.386e2 1 n [101] 10~55°C
Activated
C0: C]"Z‘i’é’eor” A20 | 156e3 | 2.55e-1 | 2.313¢3 | 0.696 0 1 |n [102] -10~70°C
(ACF)
ACC:r‘k’)ztrfd Maﬁslorb 306e3 | 1.17e-1 | 2.45¢3 | 0.664 0 1 |n| [02] -10~70°C
Zeolite 5A 423 4.714e-4 | 9.955e3 | 3.548e-1 |-5.114el 1 n [101] 0~100°C
13X 271.8 2.408e-1 | 6.852e3 | 3.974e-1 | -4.199 1 n [101] 0~100°C
H,0 - 1.14e8 | 2.787e-5 | 1.093e3 |-1.190e-3 | 2.213el 1 n [101] 0~75°C
Fuji
SG Davison | 450 | 7.3e4 | 32395 | 12 0 1 | n| o3 a
Type RD
13X 112.56 3.5e-1 5.1e3 0.608 0 1 n [104] 30~200°C
13X 108.78 2.5e-1 5.1e3 0.658 0 1 n [105] 60~120°C
Zeolite 4A 85.26 7.4 3.6e3 0.666 0 1 n [104] 30~200°C
Propylene 5A crystal | 168.84 1.33e4 | 1.684e3 0.40 0 25 1 [106] 70~200°C
5A pellets | 123.06 2.02e4 | 1.612e3 0.36 0 278 | 1 [106] 70~200°C
Carbon
molecular - 80.934 | 1.32e4 | 1.726e3 | 0.325 0 308 |1 [107] 70~150°C
sieve
13X 117.92 3.5e-1 4.3e3 0.58 0 1 n [104] 30~200°C
13X 96.8 2.5e-1 | 4.438e3 0.892 0 112 | 1 [105] 60~120°C
Propane Zeolite 4A 89.32 6e2 0 1 0 1 n [104] 30~200°C
P SAcrystal | 160.16 | 4.3e3 | 1.828¢3 | 046 0 | 217 1| [L06] 70~200°C
5A pellets | 114.84 494e2 | 2.393e3 0.58 0 172 | 1 [106] 70~200°C
CMS - 77.308 1.81e4 | 1.378e3 0.356 0 281 | 1 [107] 70~150°C
1-Butene Zeolite 13X 121.8 2.5e-1 | 6.543e3 | 0.452 0 221 | 1 [105] 60~120°C
HFO- Activated | Maxsorb 13 3.685e3 a
12347¢(E) carbon n 3.74e3 0.295 0 1 n [108]
Activated | Maxsorb 351 a
R-134a carbon n 4.32e3 3027e3 0.321 0 1 n [108]

2 not provided in original literature
® note from original literature: silica is not fully saturated

6.4.2 Dubini-Astakhov (D-A) and Dubinin-Radushkevich (D-R)

Valid range of adsorption potential A [J/g]
. wW_0 E n .
Refrigerant Adsorbent [m3/kg] | [9/mol] [ Literature

Ammonia Zeolite NaX 0.000221 18994 2 [109] 2
Silica gel A5BW 0.000455 3585 1.25 [110] 2
Water Silica gel RD2560 | 0.000327 4384 1.35 [110] 2
Silica gel A++ 0.000489 3804 1.35 [110] 2
Zeolite - 0.000269 | 19596 2 [111] 2

i 7 . b

(:S?Ir;::go;tle LiBr 0.00068 6900 18 [112] Approximate range: from 20 to 410

SRD 1352/3 | 0.00082 8780 15 [112] Approximate range: from 20 to 410°

Ethanol AC AP4-60 0.00045 10600 2 [112] Approximate range: from 20 to 410°

ATO 0.00061 11200 1.7 [112] Approximate range: from 20 to 410°

COC-L1200| 0.00044 13300 2 [112] Approximate range: from 20 to 410°

ACF FR20 0.00075 13500 2 [112] Approximate range: from 20 to 410°

Methanol AC G32-H 0.000482 19220 2.59 [113] Approximate range: from 10 to 540°
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i i . b
N(I)Er)l(ttrlz 1 0.000519 17380 297 [113] Approximate range: from 10 to 540
7 . b
RL(J:TGelE;S 0.000535 14260 18 [113] Approximate range: from 10 to 540
P 7 . b
NOE:(tF:;;( 3 0.000551 16890 206 [113] Approximate range: from 10 to 540
i . b
Caék;(())t/elch 0.000633 12460 185 [113] Approximate range: from 10 to 540
i . b
Cexk;(ét/ich 0.000786 11720 176 [113] Approximate range: from 10 to 540
AC35 0.000425 6906 2.15 [114] -10~120°C
207E4 0.000365 5947 1.34 [115] 2
Chinese a
Lszao | 9000405 | 4og1 | 126 | [1O
Thai 2
mpeo70 | 9090988 | 4400 | 1.2 [115]
LH 0.000860 4356 1.321 [116] 20~110°C
DEG 0.000534 5625 1.31 [116] 54~88°C
PKST 0.000258 8500 2 [116] 91°C
AC-35 0.000427 7100 2.15 [116] -10-120°C
BPL 0.000414 6700 1.45 [116] 38-107°C
RORIT RB | 0.000415 7800 2 [116] 20°C
AC-5060 | 0.000363 7072 1.599 [117] 2
R-507A Charcoal | Maxsorb 111 | 0.001175 5740 147 [118] Approximate range: from 10 to 100°
R-32 AC Maxsorb Il | 0.00405 3939 1.15 [119] Approximate range: from 5 to 100°
ACF A-20 0.00458 4098 1.09 [119] Approximate range: from 5 to 100°
Chemviron | 0.000279 14870 1.60 [120] Approximate range: from 5 to 140°
Charcoal Fluka 0.000449 8897 0.95 [120] Approximate range: from 5 to 140°
R-134a Maxsorb | 0.001548 8269 1.50 [120] Approximate range: from 5 to 140°
Maxsorb I11 | 0.001649 8460 1.3 [121] Approximate range: from 10 to 140°
AC SRD 1352/3 | 0.000767 | 10916.6 1.7 [122] Approximate range: from 10 to 100°
ACF A-20 0.00101 8611.7 15 [122] Approximate range: from 10 to 100°
R-410A© AC Maxsorb I11 | 0.00596 4327 1.17 [123] Approximate range: from 15 to 150°
ACF ACF A-20 | 0.00325 5263.5 143 [123] Approximate range: from 15 to 150°
5 . b
R -407C AC quuggé)rb 0001139 | 6885.8 136 [124] Approximate range: from 10 to 170
A . b
R-404A AC quugggrb 0001035 | 95794 | 1.03 [125] Approximate range: from 5 to 120
Difluoroethane AC Maxsorb I11 | 0.003438 | 5947.8 1.3 [125] Approximate range: from 15 to 190°
Maxsorb Il | 0.002193 | 4757.3 1.05 [126] 2
AX21 0.00108 5464.1 1.26 [126] 2
BPL 0.00036 7040 1.54 [126] 2
Norit R1 a
Methane AC Extra 0.00043 7500 1.73 [126]
F30/470 | 0.000389 | 7742.9 1.81 [126] 2
Chemviron | 0.000407 | 8684.1 1.86 [126] 2
Calgon AC | 0.000309 | 8955.1 241 [126] 2
ACF ACF (A-20) | 0.000717 | 6198.4 1.51 [126] 2

2Not provided in the original literature

b adsorption potential [J/g]

¢ Phase volume calculated according to the reported equation v, = [A - BT - Vi]’1 . V_g is the sat. vapor pressure, A and B are pair specific
g

from Srinivasan phys. Chem. Chem. Phys. 2011.
Table 6-4: Coefficients for D-A and D-R equation (volume-based)

Table 6-5: Coefficients for D-A and D-R equation (mass-based)

. Y_O0 E n . Valid range
Refrigerant Adsorbent = Literature
9 [okg] | [o/mol] | []
210 4000 5 [127] Approximate range: <1602
AQSOA-Z01 Fitting accuracy not extremely
210 4000 5 [128] high @ A>200°
Approximate range: from 30 to
Water Zeotype A 285 7600 29 [127] 500°
QSOA-202 Fitting accuracy not extremely
310 7000 3 [128] high @ A>200°
AQSOA-Z05 220 2700 6 [127] Approximate range: <100
ETS-10 129 13986.3 1.98 [129] Approximate range: from 10 to
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700°

Silica gel

Siogel

380

3960

11

[130]

Approximate range: from 80 to

1100°¢
MOF COP-27(Ni) 462 | 100141 | 4 [131] Appmx'mateergg?e: from 15 to
: Approximate range: from 40 to
Polymer PS-I 1200 852.6 0.5 [132] 450"
adsorbent PS-2 1760 753.1 05 [132] Approxmate4rggge: from 40 to
AC Maxsorb 111 222 | 733260 | 120 | [133] | Approximaterenge from 5 to
R-134a AC Granular 1680 9575 1.83 [134] 20-90C
ACF A-20 120 | 713601 | 149 | [133) | APProximaterenge from 5 to
R-410A AC Maxsorb 11 207 | 525438 | 1.36 [133] Appmx'matel&)”?e: from 5 to
AC Maxsorb 111 2050 | 75472 | 134 [133] Appmx'matel;)”?e: from 5 to
R507a Approximate range: from 5 to
ACF A-20 1190 | 8100.78 | 1.45 [133] PP 120? :
1240 5065 19 [135] Approxmatelrggge: from 10 to
Maxsorb 11 Approximate range: from 10 to
1200 5538 | 1.75 [136] PP 3008
AC - _
KOH-H2 treated Maxsorb 11l | 1000 | 5331 | 16 [135] Appmx'matelrgg%e' from 10 to
H2 treated Maxsorb 111 1250 | 4780 | 19 [135] Appmx'matelrgg%‘*: from 10 to
A-20 797 6347.1 2 [136] Approxmatezrggge: from 20 to
ACF A-20 797 | 63471 | 2 [137] Appmx'matezrggge: from 20 to
Ethanol Approximate range: from 20 to
A-15 570 8049.2 2 [136] PP 29()% :
MOF MIL-101Cr 1100 | 65274 | 2.6033 | [138] Appmx'matelrjgge: from 10 to
50% Maxsorb 111, 40% EG, Approximate range: from 15 to
Comnosite 10% binder 610 5.758 2 [124] 215%
P 70% Maxsorb 111, 20% EG, 890 5482 18 [124] Approximate range: from 15 to
10% binder ) ) 215%
KOH4-PR 1430 5.897 2 [139] Approximate {ggge: from 10 to
Phenol resin Approximate range: from 10 to
KOH6-PR 1980 4.146 15 [139] PP 1702 :
Carbon Approximate range: from 150 to
Propane molecular - 60.148 18.23 2 [107] 500
sieve

2 adsorption potential [J/g]
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Table 6-6: Coefficients for D-A and D-R equation (mass-based) (continued)

. Y_0 E n . Valid range of adsorption
Refrigerant Adsorbent 9 /Eg] [/mol] [ Literature poter?tial Al /g]p
5A crystal 14828 | 194 | 224 | [i06] | APProXimate ange: from 150 to
Zeolite Approximate range: from 150 to
5A pellets 11264 | 182 2.47 [106] PP 500% :
AC Maxsorb 111 900 | 8577.9 | 122 [133) | APproximate range: from 10 to
n-butane AC Maxsorb Il 800 5172 1.05 [140] 25~55°C
Carbon Approximate range: from 200 to
molecular - 70.098 21.23 2 [107] 5502
Propylene sieve
5A crystal 1575 | 234 | 228 [106] | Approximate o from 200 to
Zeolite Approximat ~from 200 t
5A pellets 11382 | 234 213 [106] pproximate g;’z)gf' rom c0Uto
207C Calgon carbon 150 | 68436 | 172 | [141] | APProximetejange: from 80 to
280 6912.2 208 [141] Approximatezrgggae: from 80 to
207EA Calgon carbon Abproximate range: from 5 t
330 65712 | 1.655 [142] Pproxima ;Og)ge- om>to
AC -
Methanol 270 | 56542 | 178 [141] Appmx'matezrggge' from 80 to
WS-480 Calgon carbon A imat “from5t
490 47768 | 165 [142] pproxima 925%”36' romsto
Tsurumi coal HC-20C 705 | 47908 | 2 [143) | ApProximate range: from 20 to
ACF A-20 1190 | 8100.78 | 1.45 [133] Appmx'mati;%”?e' from 5 to
@ adsorption potential [J/g]
Table 6-7: Coefficients for D-A and D-R equation (mass-based)
. YO0 k n T_s . Valid range
Refrigerant Adsorbent [g/ka] [ [ K] Literature
LMO001 270.0 | 4.3772 | 1.1965 [144] 2
LM127 362.9 | 3.6571 0.94 [144] 2
Monolithic LM128 333.3 | 3.6962 0.99 [144] 2
AC LM279 383.7 | 4.2434 1 [144] 2
SDS 245.0 | 5.6069 | 2.1389 [144] 2
KOH-AC 624.5 | 4.6130 | 1.0554 [144] 2
208C 307.7 | 4.4390 1.187 [144] 2
607C 3475 | 35943 [ 1.05 [144] a
C119 2852 | 3.8615 1 [144] a
SRD 1352/2 839.2 | 5.0775 | 0.8529 [144] 2
Granular AC | SRD 1352/3 569.1 6.6738 | 1.1489 [144] 2
SRD 06038 4464 | 6.7116 | 1.1295 [144] 2
Ammonia SRD 06039 452.7 | 5.3630 | 1.053 [144] 2
SRD 06040 348.3 | 55936 | 1.1714 [144] 2
SRD 06041 230.3 | 5.5622 | 1.5252 [144] 2
ACF CC200 304.0 | 46110 | 1.468 [144] 2
ACF ACF CC250 315.0 | 55690 | 1.602 [144] 2
FM 10/700 448.9 | 5.9276 1.148 [144] 2
ACF-20 781.7 | 44783 | 0.7573 [144] 2
C-2132 925.8 | 4.1005 | 0.85 [144] a
Powder AC AX-21 549.0 | 9.0780 2 [144] a
MSC-30 1059.5 | 5.6621 | 0.8115 [144] 2
208C 290 3.1853 | 1.0957 [145] 25-200C
AC Monolithic 270 4.3772 | 1.1965 [145] 25-200C
PVDC based 232 4.6342 | 1.8065 [145] 25-200C
YKAC 290 3.57 1.38 [146] 20-130C

2Not provided in the original literature
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Table 6-8: Coefficients for D-A and D-R equation (mass-based)

. YO0 k n Ts . Valid range of adsorption potential A
Refrigerant Adsorbent [g/kg] [ [ K] Literature [/g]
Granular 4655 | 4.282 0.81 - [147] 25-140C
ENG-TSA 470.3 5.551 0.89 - [147] 25-140C
208C1 249 10.758 2 [148] 2
208C2 234 5.985 2 [148] 2
208C3 216 6.398 2 [148] 2
BPL 204 10.062 2 [148] 2
SC11 254 9.495 2 [148] 2
Charcoal AS12 317 10.06 2 [148] 2
AX21 555 8.866 2 [148] 2
AX31 451 12.294 2 [148] 2
CC200 282 7.984 2 [148] 2
CC250 295 8.395 2 [148] 2
CC700 261 7.677 2 [148] 2
Zeolite 13X 1233 | 4.268 13 - [149] 60-150C
Zeolite 13X 270 5.63 1.73 - [150] 2
Water Zeolite - 269 433 2 - [151] 2
Zeolite - 261 5.36 1.73 - [152] 20-250C
Silica gel - 346 5.6 1.6 - [153] 2
LiCl Silica gel 489 [ 0.342 | 1.604 - [154] a
R32 AC 208C 476 2.4634 | 1.3880 [145] 25-40C
AC monolithic 461 2.6729 | 1.3326 [145] 25-40C
butane AC 208C 259 1.2895 | 1.1428 [145] 25-200C
AC monolithic 237 1.3693 | 1.3921 [145] 25-200C
AC YKAC 450 13.38 15 [146] 20-100C
AC Shanghai YK 284 10.21 1.39 288.3 [155] 2
AC Shanghai 18# 238 13.3 1.33 298.1 [155] 2
AC Italy Eshland 266 11.57 141 295.5 [155] 2
AC Pellet 356 32.65 2 - [156] 2
Methanol AC Cloth 602 1.272 | 8.8135 - [156] 2
ACF ACF0 400 17.19 1.66 290.9 [155] 2
ACF ACF1 682 10.84 1.21 297.2 [155] 2
ACF ACF2 662 10.94 131 295.5 [155] 2
ACF ACF3 516 15.13 1.49 287.2 [155] 2
Zeolite CBV901 218 28.48 1.7 [157] 2
2Not provided in the original literature
6.4.3 Freundlich
Table 6-9: Coefficients for Freundlich
: - Valid
Refrigerant | Adsorbent A0 Al A2 A3 BO Bl B2 B3 Literature range
water Silica |Fuji |-6.5314 |0.072452 |-0.23951e- |0.25493e-6 |-15.587 |0.15915 |-0.50612e- |0.5329%¢-6 [158]
gel RD 3 3
Type
Fuji |522 0 0 0 0.625 0 0 0 [159]
RD
Type
Fuji A | 346 0 0 0 0.625 0 0 0 [160]
Type
31.198 | -0.2665 0.769e-3 -0.73898e-6 | 41.581 |-0.35435 | 0.10199e-2 |-0.97034e-6 | [161]

2Not provided in the original literature
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6.4.4 Dual Site Sips (DSS)

Table 6-10: Coefficients for Dual Site Sips (DSS) equation

Refrigerant Adsorbent Ya B " e M beo e e Literature | Valid range
[o/kg] | [1/kPa] | [kJ/mol] | []1 | [o/kg] | [1/kPa] | [kJ/mol] | [-]
Propane MOF | CuBTC | 273.24 0.07 28.7 0.82 | 50.16 0.16 34.1 0.32 [162] 50-150°C
Propylene MOF | CuBTC | 297.78 0.42 41.9 1.00 | 51.24 0.06 47.0 0.80 [162] 50-150°C
Isobutane MOF | CuBTC | 296.96 0.82 37.9 0.55 | 63.8 0.06 40.8 1.00 [162] 50-150°C
6.4.5 Langmuir
Table 6-11: Coefficients for Langmuir equation
Refrigerant Adsorbent Yo a K? “AH Literature Valid range
[9/kg] [-] [1/kPa] [kJ/mol]
Propylene Zeolite 4A 109.2 2.612 8.44e-6 28.2 [163] a
Propane Zeolite 4A 136.53 2.189 2.81e-5 15.6 [163] a
2Not provided in the original literature
6.4.6 Van't Hoff
Table 6-12: Coefficients for van't Hoff equation
Working pair | AH/ mol NH3 | AS/mol NH3 | Working pair | AH/ mol NH3 | AS/mol NH3
NH4CI-3/0 29433 207.9 NiCl2-1/0 89810 233.01
LiCl-4/3 36828 224.6 CuCI2-10/6 31387 227.72
LiCl-3/2 44780 229.8 CuClI2-5/3.3 50241 230.75
LiCl-2/1 48128 230.6 CuClI2-3.3/2 56497 237.22
CoClI2-6/2 53987 228.1 ZnCI2-10/6 29588 219.23
CoClI2-2/1 78134 232.17 ZnCI2-6/4 44779 230.24
CoClI2-1/0 88303 232.8 ZnCl2-4/2 49467 230.24
MgClI2-6/2 55661 230.63 ZnCl2-2/1 80352 229.72
MgCl2-2/1 74911 230.3 ZnCI2-1/0 104625 227.79
MgCI2-1/0 87048 230.88 NaBr-5.25/0 35363 225.2
CaCl2-8/4 41013 230.3 SrCI2-8/1 41432 228.8
CaCl2-4/2 42269 229.92 MgBr2-6/2 63612 230.2
CaCl2-2/1 63193 237.34 CaBr2-6/2 48965 230.4
CaCl2-1/0 69052 234.14 SnCl2-9/4 31806 224.86
FeCl2-6/2 51266 227.99 SnCl2-4/2.5 38920 229.82
FeCl2-2/1 76167 231.91 FeBr2-6/2 55828 228.1
FeCl2-1/0 86880 233.01 BaCl2-8/0 38250 227.25
MnCI2-6/2 47416 228.07 Nal-4.5/0 39339 224.5
MnCI2-2/1 71019 232.35 KI-4/1 32015 219.8
MnCI2-1/0 84202 233.18 SrBr2-8/2 45617 229.3
LiBr-5/4 33689 225.9 Fel2-6/2 60683 2275
NiCl2-6/2 59218 227.75 Cal2-8/6 35991 229.3
NiCl2-2/1 79515 232.17 Cal2-6/2 58590 231
Bal2-6/4 46454 231.6 BaBr2-8/4 41850 229.8
Bal2-4/2 47291 230.3 BaBr2-4/2 42687 230.7
Bal2-2/0 56079 235 PbCI2-8/3.25 34317 223.76
Pbl2-5/2 40595 229.1 PbCI2-3.25/2 39339 230.27
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Table 6-13: Coefficients for van't Hoff equation (continued)

Working pair | AH/ mol NH3 | AS/mol NH3 | Working pair | AH/ mol NH3 | AS/mol NH3
MnBr2-6/2 53066 228.3 PbCI2-2/1.5 46035 230.89
CoBr2-6/2 58590 227.5 PbCI2-1.5/1 47290 232.5
Mnl12-6/2 59301 227.4 PbCI2-1/0 55660 231.04
NiBr2-6/2 64240 227.2 PbBr2-5.5/3 37665 229.4
Nil2-6/2 65453 224.1 PbBr2-3/2 39758 229.4
Srl2-6/2 52731 230.5
6.4.7 Antoine
Table 6-14: Constants for working pairs using the Antoine equation
Refrigerant Absorbent i Ai Bi Reference Valid
range
0 6.95 -1.64
LiBr/CH3COOK 2:1 1 -1.33e-2 1.83e-3 [164] 20-60°C
2 -9.02e-6 -2.52e-6
0 6.77 -1.64
LiBr/CH3CH(OH)COONa 2:1 1 5.11e-3 5.26e-4 [164] 25-60°C
2 -2.2e-4 -5.7%e-7
0 1.2279¢2 -3.83335¢e1
1 -7.18812 2.25982
LiBr/H2N(CH2)20H 3.5:1 2 | 1.65853e-1 | -5.16583e-2 [165] 45-145°C
3| -1.6883e-3 5.19714e-4
4 | 6.41261le-6 | -1.95693e-6
0| -2.42919e2 8.21856e1
1] 1.66295el -5.58505
LiBr/HO(CH2)30H 3.5:1 2 | -4.09338e-1 | 1.37650e-1 [166] 52-122°C
H20 3 | 4.42060e-3 | -1.48924e-3
4 | -1.76792e-5 5.95856e-6
0 | -1.276429¢3 4.37412e2
. . - 1| 8.764646el | -3.008232el
LiBr/LiNO3-Lil-LiCl 5.1;5253by mol, 435:69:134:84 by 5 2033375 7 690697e-1 [167] 57-137°C
3 | 2.517102e-2 | -8.697553e-3
4 | -1.058556e-4 | 3.669313e-5
0 9.537943 -2.181261
. . 1 | -1.303482e-1 | 2.793675e-2 o
LiBr/Lil-OH(CH2)30H 174:57:15 > [ 1.919265¢-3 | -3.5961050-4 [168] 66-171°C
3 | -7.926247e-6 | 2.400981e-8
0 3.55978 -6.69528e-1
1| 6.30491le-1 -1.02025e-1
LiBr/LiNO3 348:69 2 | -2.17120e-2 | 3.55250e-3 [169] 47-169°C
3 | 3.14477e-4 -5.12741e-5
4 | -1.62820e-6 2.43695e-7
0 6.8199e0 -2.07689e0
NMP 1| 5.75253e-3 1.53768e-3
TFE [CF;CH,0H] [CsHSNO] 2 | 1.10093e-4 2.58101e-5 [170] a
3 | -1.84889%-6 | 7.32551e-7
4 | 7.87523e-9 -7.19646e-6

2Not provided in the original literature
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6.4.8 Diihring

Table 6-15: Coefficients for Diihring equation

Ref. | Abs | i ai bi n|{m ro | C D E Reference Valid
range
0 -2.00755 321.128 459.72 4-177°C
. 1 0.16976 -19.322
LiBr > 1313336263 037438 1.8 32 (0.145 6.21147 -2886.373 | -337269.46 [171]
3| 1.97668e-5 -2.0637e-3
- 273.15
0 | 6.164233723 | 5.380343163 9-170 °C
el
H20 NaOH 1 | 2.746665026 | 5.004848451 i
e-1 -
-KOH- 110 1 6.427154896 | 1208.919 [172]
- 166159.9630
CsOH 2 4.916023734 1.928273028 437
e-3
e-1
3 | 2.850008250 | 1096142341
e-3
e-5
6.4.9 Equation of state (EOS)
6.4.9.1 Mixing rules
van der Waals one-fluid mixing rules (1PVDW)
Table 6-16: Coefficients for 1PVDW mixing rules using PR and SRK EOS
Refrigerant Absorbent kipr | Kisre | T_crits | P_crits | W_s | voraiure I\,ﬁ:gi
[C4mim][NTf2] | 0.0493 | 0.0512 | 1077.0 | 2.765 | 0.3004 40-50°C
[C1O0mim][NTf2] | 0.0056 | 0.0625 [800.0  |1.867  |0.5741
[Pyrr4,1][NTf2] | 0.00526 | 0.0568 [1093.1 [2.425 |0.3467
Co2 IL [N4,1,1,1][NTf2] | -0.0006 | -0.0018 [1079.6 [2.588  |0.3334 [173]
[N1,8,8,8][NTf2] | -0.0008 | 0.0147 |750.6 1.064 0.9962
[P6,6,6,14][NTf2] | -0.0032 | 0.0488 |805.5 0.795 0.7947
[P6,6,6,14][CI] 0.0912 0.1111 [803.9 0.851 0.8915
Isobutane Lubricant POE ISO7 0.01749 - 743.1 1.127 0.7915 [174] 2
2Not provided in the original literature
Table 6-17: Coefficients for 1PVDW mixing rules using PRSV EOS
Refrigeran Absorbent k_1 PRSV_s | K_1_PRSV_r |Kijprsv | T_crit,s | P_crit.s| W_s Literature ;;I;de
. BAB 15 -0.1331 -0.0502 0.1645 | 763.35 1.199 |[0.716075 40-80°C
HCFC125 | Lubricant g ) B35 T 0.0986 -0.0502 | 0.1837 |772.89 |1.138 | 0.694728
HEC134a | Lubricant BAB 15 -0.1331 -0.0077 0.1496 |763.35 |1.199 0.716075
BAB32 -0.0986 -0.0077 0.1598 | 772.89 |1.138 0.694728 [175]
HEC143a | Lubricant BAB 15 -0.1331 -0.0399 0.1293 | 763.35 |1.199 0.716075
BAB32 -0.0986 -0.0399 0.1380 |772.89 |1.138 0.694728
HEC32 Lubricant BAB 15 -0.1331 -0.0499 0.1339 |763.35 |1.199 0.716075
BAB32 -0.0986 -0.0499 0.1457 |772.89 |1.138 0.694728

Two-parameter conventional mixing rule (2PCMR) (for high-pressure phase behavior)
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Table 6-18: Coefficients for 2PCMR mixing rules using PR and SRK EOS

Refrigerant Absorbent Kiipr | lipr | Kijsr | lijskr Literature ;g:]'gi
R23 AB | phenyltetradecane | 0.168 | -0.006 | 0.1695 | -0.0062 [176] -20-95°C
Modified van der Waals-Berthelot (VDWB) (from [177])
Table 6-19: Coefficients for modified vdW-Berthelot mixing rules by Yokozeki
. . Valid
Refrigerant Adsorbent L-12 L-21 m t Np Literature range
POE-32 0.0646 0.0266 0 0 23
. POE-68 0.0871 0.0138 0.0128 0 30
HFC32 | Lubricant 1= pe e o™ 50058 | 00698 | 0.0121 78.2 28
HAB-32 0.1276 0.1422 -0.1536 0 16
POE-32 0.0179 0.0029 0.0296 0 60
POE-68 0.0245 0.0047 0.0246 0 57
. PEB-8 0.0005 0.0005 0.0119 0 24
HFC125 | Lubricant e 6T 01556 | 0.1556 | -0.2174 5.42 64
HAB-32 0.1276 0.1422 -0.1536 0 16
HAB-15 0.0915 0.1297 -0.157 12.2 22
POE-32 0.0561 0.0254 -0.0106 0 40
POE-68 0.0678 0.0351 -0.0109 0 46
PEB-8 0.0504 0.0359 -0.0193 0 23 [177] .
HFC134a Lubricant HC-16 0.0928 0.1074 -0.163 4,19 115
HC-13 0.0859 0.1068 -0.1734 0 25
HC-20 0.0782 0.1029 -0.1536 0 16
HAB-32 0.1146 0.1332 -0.1661 0 12
PEB-8 -0.0845 -0.0934 0.0959 -41.9 24
HFC143a Lubricant HC-16 0.1167 0.1167 -0.1544 0 56
HAB-15 0.058 0.0904 -0.09 -3.68 25
. PEB-8 -0.0656 -0.082 0.094 -14.5 24
HFC152a | Lubricant [—p ~"rg=1 1788 0.09 20.1254 3.49 56
HCFC12 Lubricant AB-32 0.0339 0.0385 0 0 54
HCFC22 Lubricant AB-32 0.0569 0.0694 -0.0395 3.29 54
HCFC13-B1 | Lubricant AB-32 0.0598 0.1994 -0.0299 6.09 36
HCFC123 Lubricant MO-56 0.0384 0.0384 -0.048 7.58 61

2Not provided in the original literature
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6.4.9.2 Flory-Huggins

Table 6-20: Coefficients for Flory-Huggins equation

Refrigerant Absorbent V\[I&/]k ENKl] r |Literature I\,g;lgé
PEC9 839 | -158 | 14.93 30-90°C
R32 PEB6 680 | -209 | 7.77 [178] |50-90°C
PEB8 775 | -177 | 11.58 30-90°C
Pentaerythritol tetrapentanoate ester | 806 | -197 | 9.78 [179] 30-90°C
PEC9 997 | -208 | 6.91 30-90°C
R125 PEB6 993 | -271 | 3.94 [178] |50-90°C
PEBS8 998 | -238 | 5.81 30-90°C
Pentaerythritol tetrapentanoate ester | 967 | -262 | 3.47 [179] 30-90°C
PEC9 938 | -176 | 10.41 30-90°C
R134a PEB6 973 | -233 | 7.03 [178] |50-90°C
PEBS8 808 | -203 | 6.94 30-90°C
Pentaerythritol tetrapentanoate ester | 878 | -221 | 6.17 [179] 30-90°C
PEC9 817 | -152 | 7.79 30-90°C
R1433 PEB6 772 | -199 | 431 [178] |50-90°C
PEBS8 703 | -162 | 5.76 30-90°C
Pentaerythritol tetrapentanoate ester | 849 | -183 | 5.28 [179] 30-90°C
PEC9 654 | -152 | 10.03 30-90°C
R152a PEB6 491 | -205 | 5.19 [178] |50-90°C
PEBS8 707 | -169 | 9.76 30-90°C
Pentaerythritol tetrapentanoate ester | 482 | -204 | 4.62 [179] 30-90°C
6.4.9.3 Wilson
Table 6-21: Coefficients for Wilson equation with fixed A
Refrigerant Adsorbent [ J}?r?ol] [ Jﬁrit)l] Literature | Valid range
Water IL [EMIM][(CF3S02)2N] | 7363.8 | 16736 [180] 80°C
[BMIM][(CF3S02)2N] | 7985.2 | 16736 [180] 80°C
Acetone IL [EMIM][(CF3S02)2N] | -286.4 | -2185.1 [180] 80°C
[BMIM][(CF3S02)2N] | -200.0 | -2410.4 [180] 80°C
2-propanol | IL [EMIM][(CF3S02)2N] | 1189.3 | 16736 [180] 80°C
[BMIM][(CF3S02)2N] | 1276.8 | 9689.7 [180] 80°C
R32 POE 2650.4 | 20000 [181] ‘
R125 190.7 0.4 [181] :
R125 POE 1441 | 20000 [181] :
R1234z¢(E) POE (RL68H) 20000 | 1908 [182] 0-80°C
R12 Naphthenic 1986 263.9 [183] -45-121°C
Paraffinic 2634 7415 [183] -18-121°C
R22 POE -403 20000 [184] -20-60°C
R134a PAG 3441 -8128 [184] -10-70°C
POE 2003 | 17569 [183] -18-121°C
2510 | 18449 [184] -10-70°C

2Not provided in the original literature

Ay/K = ANS/K + ANTy(T/K = 273.15)
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Table 6-22: Coefficients for Wilson equation with temperature-dependent A

T T P
Refrigerant | Adsorbent | AAC1/K | ALCa/K [\]A/)r»nézl] [?/)rhntz)ll] Literature l\'/ail:g%
R134a TriEGDME | -149.128 | 368.189 | 0.959291 | 0.929126 [185] 10-50°C
6.4.9.4 Tsuboka and Katayama (modified Wilson)
Table 6-23: Coefficients for Tsuboka and Katayama equation
Refrigerant Adsorbent [ J?ri;lcz)l] [ JA/r);12()1I] Literature Valid range
R12 Naphthenic 517 2029 [183] -45-121°C
Paraffinic 1847 -4437 [183] -18-121°C
R22 POE -889 -11472 [184] -20-60°C
PAG -247 -15259 [184] -10-70°C
R134a POE 1721 -5389 [183] -18-121°C
2366 -12013 [184] -10-70°C
R125 POE 918 -4941 [181, 184] -30-60°C
R32 POE 1143.9 -15057.2 [181] ¢
R125 -69.4 -10.1 [181] ¢
#Not provided in the original literature
6.4.9.5 Wang and Chao (modified Wilson)
Table 6-24: Coefficients for Wang and Chao equation
Refrigerant Adsorbent [ J?r;r;lél] [ JA/r;:oll] Literature Valid range
R12 Naphthenic -189 2199 [183] -45-121°C
Paraffinic -43 4115 [183] -18-121°C
R22 POE -1070 5716 [184] -20-60°C
PAG 2715 -1609 [184] -10-70°C
R134a POE -136 4212 [183] -18-121°C
1886 20000 [184] -10-70°C
R125 POE -381 4579 [181, 184] -30-60°C
R32 POE 2084.5 157744.1 [181] ?
R125 78.7 0 [181] :

2Not provided in the original literature

6.4.9.6 NRTL

Binary mixtures are covered by Table 6-25 and Table 6-26 and ternary mixtures by Table 6-27 and Table

6-28.

Table 6-25: Coefficients for binary mixture NRTL equation with fixed Ag

. Ag12 Ag21 : Valid
Refrigerant Adsorbent [J/imol] | [J/mol] 012 Literature range
water lonic Liquid [EMIM][OAC] 28938 | -25691 | 0.10243 [186] 30-80°C
g [DEMA][OMs] -1051.4 | -5039.9 | 0.70862 [186] 30-80°C
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[EMIM][(CF3S02)2N] | 12900.7 | -1457 0.28 [180] 80°C
[BMIM][(CF3S0O2)2N] | 19416.9 | -348.6 0.3 [180] 80°C
Acetone lonic Liquid [EMIM][(CF3S02)2N] 4608 -4917.4 0.47 [180] 80°C
[BMIM][(CF3S0O2)2N] | 7788.2 | -1002.9 0.6 [180] 80°C
2-propanol | lonic Liquid [EMIM][(CF3S02)2N] 4090 -5084.6 0.47 [180] 80°C
[BMIM][(CF3S0O2)2N] | 7013.6 -854 0.8 [180] 80°C
R1234ze(E) POE RL68H -3082.7 | 7567.5 0.5 [182] 0-80°C
R12 naphthenic -1105 4571 0.5 [183] -45-121°C
paraffinic -2059 6981 0.5 [183] -18-121°C
R22 POE RL68H -4709 -967 0.5 [184] -20-60°C
Castrol SW 46 2818 -4620 0.5 [187] -20-70°C
R134a PAG -4788 -359 0.5 [184] -10-70°C
POE -2528 7421 0.5 [183] -18-121°C
RL68H -2784 9498 0.5 [184] -10-70°C
Castrol SW 46 3936 -1240 0.5 [187] -20-70°C
R125 POE RL68H -3363 8481 0.5 [181, 184] | -30-60°C
R32 POE -2852.1 | 20000 0.5 [181] 2
R125 237.5 -398.1 0.5 [181] 2
2Not provided in the original literature
A«gl] = al-j + bl] * T
Table 6-26: Coefficients for binary mixture NRTL equation with temperature-dependent Ag
b12 b21 .
Refrigerant Adsorbent [ J?ni]zol] [ J?ni%)l] [J/lT]oI- [J/Lr]ol- o | Literature ;;ar:glgi
[MMIM][(CH3S0O2)2N] -60994.4 | -5319.1 | 340.92 15.10 | 0.2 80°C
[EMIM][(CF3S02)2N] 45120.3 842.2 45.37 -3.32 0.2
Benzene IL [BMIM][(CF3S02)2N] 156912.6| 741.6 251.86 -3.96 0.2
[EMIM][C2H50S03] 28115.2 | -1595.1 | -52.92 -1.42 0.2
[C2H5NH][C2H50C2H40S03] | 10539.5 | -1719.5 - - 0.2
[MMIM][(CH3S0O2)2N] 3748.1 7324.9 25.34 -13.32 | 0.2 [188]
Cyclohexane | IL [EMIM][(CF3S02)2N] 36714.6 | 9986.4 -6.00 -17.36 | 0.2
[BMIM][(CF3502)2N] 6391.1 4691.5 19.29 -12.83 | 0.2
[EMIM][C2H50S03] -2612.9 | 13608.9 | 57.74 -25.19 | 0.2
Hexane IL [EMIM][(CF3S02)2N] 15003.4 610.7 -28.03 12.85 | 0.2
Cyclohexene | IL [EMIM][(CF3S02)2N] 49643.2 | 11324.4 | -68.86 | -29.60 | 0.2
Toluene IL | [C2H5NH][C2H50C2H40S03] | 8690.6 129.1 - - 0.2
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Table 6-27: Coefficients for ternary mixture NRTL equation

Ref Absorbate Coef. 0j,i Ciji[J/mol] |Reference ?_;Igi
1,1 0 0 60-200°C
1,2 | 0.2885 | -267.6310
1,3 | 0.7298 | -115.2119
2,1 | 0.2885 | 1713.0375
TFE [CF3CH,0H] (1) H20 (2) + E181 [CH3;0(CH,CH,0),CHs] (3) 2,2 0 0 [189]
2,3 | 0.0330 | 11742.636
3,1 | 0.7298 | -1333.6693
3,2 | 0.0330 | -7783.061
3,3 0 0
1,1 0 0 2
1,2 0.5 165.73
1,3 0.5 3936
2,1 0.5 192.62
R134a (1) and R227ea (2) Castrol SW 46 POE (3) 2,2 0 0 [187]
2,3 0.5 4436
3,1 0.5 -1240
3,2 0.5 -1062
3,3 0 0
1,1 0 0 2
1,2 0.5 289.6
1,3 0.5 2818
2,1 0.5 327.9
R22 (1) and R142b (2) Castrol SW 46 POE (3) 2,2 0 0 [187]
2,3 0.5 8074
3,1 0.5 -4620
3,2 0.5 -2215
3,3 0 0
1,1 0 0 2
1,2 0.5 -35.58
1,3 0.5 5643
2,1 0.5 -48.93
R125 (1) and R143a (2) Castrol SW 46 POE (3) 2,2 0 0 [187]
2,3 0.5 8649
3,1 0.5 -1806
3,2 0.5 -2402
3,3 0 0
1,1 0 0 30-153°C
1,2 0.126 30516
1,3 0.819 79785
1,4 5.626 1750
15 0.041 33274
1,6 0 -26826
2,1 0.126 -5029
2,2 0 0
2,3 0.651 -13728
H20(2) + LiBr(3) + NH3-H20(4) + H20-LiBr(5) 2,4 0.006 -17358
NH3 (1) +NH3-LiBr(6) 25 | 0170 | -6206 [190]
2,6 0.001 -22979
3,1 0.819 51081
3,2 0.651 -6878
3,3 0 0
3,4 0.003 -49
3,5 0 0
3,6 0 0
41 5.626 -142
4,2 0.006 16295

2Not provided in the original literature
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Table 6-28: Coefficients for ternary mixture NRTL equation (continued)

Ref absorbate Coef. 0j,i Cij.i[3/mol] | reference ?_;Igi
4,3 | 0.003 26754 30-153°C
44 0 0
45 0.036 73252
4,6 1.883 37119
51 0.041 4579
52 0.170 644
53 0 0
H20(2) + LiBr(3) + NH3-H20(4) + H20-LiBr(5)| 54 | 0.036 46450
NH3 (1) +NH3-LiBr(6) 55 | 0 0 [190]
5,6 0 0
6,1 0 -55521
6,2 0.001 -16128
6,3 0 0
6,4 | 1.883 10317
6,5 0 0
6,6 0 0
6.4.9.7 UNIQUAC
Table 6-29: Coefficients for UNIQUAC equation with fixed Au
Refrigerant (1) | Adsorbent (2) Al Al r r O (o) Literature Valid range
[J/mol] [J/mol]
[EMIM][(CF3S02)2N] 67.2 2906.5 0.92 9.89 1.4 8.78 [160] 80°C
Water IL |[BMIM][(CF3SO2)2N] 3453 3057.1 0.92 1116 |14 10.2 80°C
[MMIM][(CH3)2P0O4] 29493  [-3130.1  [0.92 7162 |14 5844 |[188] 80°C
[EMIM][(CF3S02)2N] -1393.9 | 1393.9 25735 | 9.89 2336 |8.78 [186] 80°C
Acetone IL |[BMIM][(CF3S02)2N] -1368.8 | 1368.8 25735 [11.16 [2.336 [10.2 80°C
[MMIM][(CH3)2P04] 51731 -2380.6  |2.573 7162 [2336 |5.844 [[188] 80°C
[EMIM][(CF3S02)2N] 1536.4 -292.4 27791 [9.89 2508 |8.78 80°C
2-Propanol L [ iBMIM][(CFas02)2n] 12008 | 1562 27791 |11.16 |2508  |102 |0l 80°C
THE i [EMIM][(CF3502)2N] 2353.4 -1298.8  |2.941 9.89 2720 |8.78 [188] 80°C
[MMIM][(CH3)2P04] 6594 -1331.8  [2.941 7162 |[2720 |5.844 |[188] 80°C
Methanol IL | [MMIM][(CH3)2P04] -2409.9  |-28645 [1.431 7162 [1.432 |5844 [[188] 80°C
Ethanol IL | [MMIM][(CH3)2PO4] -586.6 20275 | 2.105 7162 |1.972 |5844 [[188] 80°C
R1234ze(E) POE RL68H 1662.8 1981.2 2.74 29.4 2.49 24.4 [182] 0-80°C
R12 paraffinic 5897 277 2.6243° 24.50 2.376° |20.28 [183] -18-121°C
R22 POE -1366 4115 1.59 29.4 1.39 24.36 [184] -20-60°C
POE 971 1334 2.46 24.01 2.36 20.18 [183] -18-121°C
R134a 1144 79.8 2.46 29.40 2.36 24.36 [184] -10-70°C
hexadecane -212.8 2810.1 2.46 23.14° 236 17.06° |[191] 20-90°C
POE -200 20000 1.43 29.40 142 24.36 a
R32 R125 1256 0.9 143 261 [142  [249 | 1281] a
) POE 1715 -570 261 29.40 |2.49 2436 |[181,184] -30-60°C
R125 hexadecane -167.9 2618.9 2.61 23140 |2.49 17.06° | [191] 20-90°C

2Not provided in the original literature

b From Romain Richard, Nicolas Ferrando, Marc Jacquin. Liquid-liquid equilibria for ternary systems aceticacid + n-butyl acetate + hydrocarbons
at 293.15 K. Fluid Phase Equilibria, Elsevier, 2013, vol. 356, pp. 264-270. ff10.1016/j.fluid.2013.07.032. hal-01065438

¢ From Naidoo, R. D. (2003). The Thermodynamics of Liquids in Solution at 298 K and 1 Atm (Doctoral dissertation, University of Natal,
Durban).

Auij = al-j + bl] * T
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Table 6-30: Coefficients for UNIQUAC equation with temperature-dependent Au

Vali
. a2l |bl2 |b21 .
Refrigeran Adsorbent al2 [3/mol | [3/mol | [I/mol | r1 r: |o: g2 Literatur d
t [3/mol] e rang
1 K|k '
[MMIM][(CH3S02)2N] 53472 |1942.3|-675 |230 |>1881926 242 2'0 80°C
[EMIM][(CF3S02)2N] 7518 |-816.7 |7.03 |-1.49 |>'88l0g9 |242 |88 80°C
Benzene 'L [BMIM][(CF3S02)2N] 0.0 7490 [1294 |-350 |3188 240 {102 80°C
[EMIM][C2H50S03] 88902 |30,0 (2145 |11.83 3.188 17 94| 2.4 1'2 30°C
g:SZiH5NH][CZH5OC2H4OS 6965 |114930 0 3198 578|242 |20 60°C
[MMIM][(CH3S02)2N] 11264 |12169|-330 |45 |*064]g06|3240 g.o [192] |80°C
190886. - 4.064 3.240 )
Cyclohexan |1 | [EMIMIICF3SO2)2N] 6 1268.5 |17 40 |-497 |20 989 [0 |78 80°C
e L | [BMIM][(CF3502)2N] 12028 |27436 (341 |-235 2004 |11 132401405 80°C
- 4.064 3240 7.2 .
[EMIM][C2H50S03] auaopq | 4016429326 |-1075 | OO0 | 7.04 (75| 1 30°C
Hexane || |[EMIMI[(CF3S02)2N] 24517 |5699.7 323 |-478 |a5: |os0 |38 |g1g 80°C
Toluene || g:SZ]H5NH][C2H50C2H4OS 2095 |1627.7|0 0 |2%%]a78|2%08|09 60°C
afrom S.I. Sandler, Chemical and Engineering Thermodynamics, third ed., Jon Wiley and Sons, New York, 1999
6.4.9.8 Heil
Table 6-31: Coefficients for Heil equation
. Ad12 LYW . Valid range
Refrigerant Adsorbent [I/mol] [I/mol] Literature
12 naphthenic 1024 804 [183] 45-121°C
paraffinic 1307 1615 [183] 118-121°C
R22 POE -224 6371 [184] -20-60°C
PAG 1667 -4626 [184] -10-70°C
R134a POE 948 3993 [183] -18-121°C
1122 4417 [184] -10-70°C
R125 POE 642 5493 [184] -30-60°C
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6.5 Definition of Measuring Equipment for the performance evaluation

6.5.1 Sensors for the measuring of the physical quantities
In Table 6-32 the sensors required for measuring the quantities used in the performance indicators’

calculation and that shall be monitored are listed.

Table 6-32: Sensor required for measuring the quantities used in the performance indicators calculation

MONITORED QUANTITY

TEMPERATU
RE SENSOR

RH% SENSOR

FLOW
METER

PRESSURE
SENSOR

ELECTRICITY
METER

ES P_pump

X

ES S_pump

EB P_pump

EB S_pump

Enw _hp

X
X
X
X

FHW_hp

EHW_bu

QH_hp

QW_hp

Quw_bu

External temperature

X | X | X| X

External Relative Humidity

Source Temp. for W/W HP

6.5.2 Requirements of the measuring system
For the choice of the measuring equipment, it is important to define the requirements of sensors
according to the goal of monitoring. For example, to evaluate the performance of the system and

analyze its dynamic behavior accurately, high accuracy and high resolution of the measured data will be

required.

Table 6-33 shows an example of the measuring equipment and its requirements for monitoring of FSHP

systems.

The sensors’ accuracy has been specified according to the MID (Measuring Instruments Directive)

2004/22/CE of 31/03/2004.

6.5.3 Sampling time

In order to detect all the FSHP operating conditions, especially those related to transient operation such
as the defrost or the shift between the adsorbent beds, which usually last few minutes, it’s important to
choose an appropriate sampling time and sensors able to measure all meaningful data according to it.

The suggested value for sampling the quantities of interest is one minute.
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Table 6-33 Example of measuring equipment for the indicated measured quantity

MEASURED QUANTITY | UNIT ‘ ACCURACY SENSOR TYPE RESOLUTION NOTES
WATER OR BRINE
Temperature °C +0,15°C PT 100, 4-wires 0,01°C To be calibrated in couple
. . and connected to the
Temperature Difference °C +0,21°C PT 100, 4-wires 0,01°C
energy meter
Electromagnetic or
Flow Meter m3/h +1% i & 0,001 m3/h
ultrasonic flow meters.
AIR
. . PT 100 (3-wires) or .
Temperature C +0,4°C 0,1°C
Thermocouple
Humidity °C 2% Capacitive sensor 0,°C
HEAT INPUT
m3/h or Volumetric or Mass |0,001 m3/h or
Fuel Flow rate +/-1%
Kg/h meter Kg/h
Data taken from the
Fuel Distribution s led Klv at th
ampled weekly at the
Calorific Value kWh/Nm3 +/- 3% company or from P . y .
closets dispatching site
EUROSTAT or Country
database
THERMAL OUTPUT
Accuracy according to the
Thermal Output kWh Class 2 Calorimeter 1Wh y &
EN 1434-1
ELECTRIC INPUT
Electricity Consumption kWh +2% Electric Meter limp/Wh

6.5.4 Guidelines for a correct installation of the sensors
To guarantee reliable measuring it is very important to respect some rules for the good installation of the

Sensors.

General indications:

Before and after the installation of the sensors, it’s important to clean up the system to remove dirt and

residuals from the pipes.

e Clean the filters after the installations.

e Check the presence of leakages from the valves.

Flow meters:

In order to limit the pressure drops due to the flow meter installation on the pipe, it is recommended to

use ultrasonic or electromagnetic flow meters.
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Concerning electromagnetic flow meters, it is important to keep in mind that they can attract the iron
particles present in the fluid (e.g. water) which lay down on the electrodes and reduce the measuring
sensitivity of the instrument. For this reason, it is better to avoid them in old systems with iron pipes.
Furthermore, when electromagnetic flow meters are used, it is also recommended to:

e use a flow meter with a diameter smaller than that one of the pipe on which it is installed in
order to increase the velocity of the flow and gain an higher sensor’s accuracy;

e install the instrument on a straight pipe, according to the specific installation requirement of the
sensor, without other devices installed upstream and downstream of it (this to not disturb the
flow and improve the accuracy of measurement);

/ \

4 \

M@]

Q —_— E | —_—
Well.

Sensore temperatura.
Temperature sensor.

Manicotto saldato sulla tubazione.
Sleeve welded into the pipe.

S5x@ 2xQ9

Reduction conical. Reduction conical.

e install the flow meter on the return circuit to avoid high temperature stress;

e install air vent valves in the circuit in order to avoid measurement errors due to entrained air or
gas bubble formation in the measuring tube;

e not install the flow meter at the highest point of a pipeline in order to avoid the risk to
accumulate air in the instrument;

e notinstall the flow meter on a vertical pipe with flow going down.

([

S)
)/

-y

7

127



Temperature sensors:

e The sensors shall be installed in the same way (same depth in the pipe, etc.), in order to have
comparable measurements, and far away from intersections between pipes.

e The sensor shall be immersed in the flow in the middle of the pipe. The best position is in curve
and in counter flow or tilted of 45°.

e The sensors that measure a temperature difference shall be calibrated in pairs in order to
increase the accuracy of the measurement.

Electrical devices:

e The cables that transmit the measures have to be installed farer then 50mm from power cables.
e Cables between sensors and data collector need to be continuous without junctions.

External temperature and relative humidity sensors:

e The external temperature sensor shall be installed up to the north to avoid direct radiation.
e The sensor has to be installed far from heat source (i.e. exhaust pipes, etc.)
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