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Publishable executive summary

This document is part of EU Horizon 2020-funded project HYBUILD, whose final target is the
development of two innovative compact hybrid electrical/thermal storage systems for stand-
alone and district-connected buildings, both in Mediterranean and Continental climatic
conditions. It is the last deliverable foreseen inside WP4, “Smart control and System integration”
and focuses on the report of the HYBUILD system performance.

The deliverable describes and analyses the (simulated) performances of the HYBUILD system
when applied to the two reference buildings already defined in D1.1 and reported in all previous
deliverables inside WP4. Both results from dynamic simulation and the two optimisation
approaches proposed inside the project are analysed.

Dynamic simulations of thermal and electric systems integrated into the building could become
fundamental for analysis of complex systems. Especially when dealing with storages, both
thermal and electric, static calculation are not enough for studying all the involved effects.
Moreover, the influence of each component on the whole system can be analysed only if all the
components are integrated and simulated together. For these reasons, the document presents
the modular structure used for developing the simulation environment where each component
and sub-system of the energy plant constitutes a module, building included. This approach
allows a smart development of the overall building system model, making easy the eventual
update of sub systems numerical models without losing the already created connections with
other sub-systems.

In the first part of the deliverable, sub-systems and results from dynamic simulation are
reported. For the sake of simplicity and due to the level of detail adopted for estimating energy
consumption, simplified models are adapted and made suitable for thermal and electric analysis,
with respect to the ones studied in detail at technology level in WP3. The unique simulation
environment adopted for the whole system allows to perform energy analysis, from an hourly
to a yearly basis. Finally, an additional advantage of a numerical model of the overall system
(HVAC + storage systems + building) is the possibility to implement and test the adopted control
strategies.

The present document also describes the working scenarios for the two systems configurations,
in the Mediterranean and in the Continental climate. Depending on the external conditions and
building energy demand, the generation sources or storages are used in order to minimize the
energy consumption. The results are reported in terms of the Pls already defined in WP1 for the
two studied HYBUILD systems and allow a useful evaluation of systems performance at both
sub-system level and overall building system level.

The main conclusion of this first part of the deliverable is that an overview of the whole system
is fundamental when dealing with optimization of the control strategy in complex systems, as
the ones proposed in HYBUILD, where the interactions between the different components
become crucial.

In the second part of the deliverable, the results of two optimised control systems, based on
Artificial Intelligence, are discussed.

Optimisation of the control of such a complex system as HYBUILD is one of the major challenges
of the project. Rule-based control strategies are usually implemented in energy systems, which
consider well-defined and suitable operation rules based on various parameters thresholds.
However, besides a basic rule-based control implementation, the complexity of systems such as
the one developed within HYBUILD requires the implementation of a smart control able to
improve the behaviour of the system as compared to the basic control. In this report, the results
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of the research carried out by UDL with respect to the smart control implementation based on
cost and energy performance policies are presented.

The research carried out at UDL and presented here are the continuation of previous results
obtained for the theoretical Mediterranean HYBUILD system based on a cost optimisation
strategy already reported in deliverable D4.3, where the full methodology of the deep
reinforcement learning (DRL) techniques applied were presented in detail. In this last deliverable
of WP4, a model robustness check was performed and presented to confirm the validity of the
results obtained using simple models developed for the theoretical system components.
Moreover, an optimisation strategy from a system efficiency perspective was investigated, and
the results are shown in comparison with the results obtained using a cost-optimisation strategy.
The share of renewable was used as a performance indicator relating to the system efficiency.

The results obtained confirmed that the simple models used in the cost-optimisation strategy
based on DRL techniques were accurate enough for the purpose of this research. Moreover, the
results showed that the share of renewable could be enhanced from 52% in the case of the cost-
optimisation strategy to 62% in the case of the energy efficiency optimisation strategy. However,
from an economic point of view, the latter optimisation strategy is not suitable, since the
operation cost corresponding to the tested period increased from 11.3 € to 27 €.

In light of the results obtained, further investigation should be carried out to improve the smart
control strategy based on energy efficiency-related policies, which should combine cost and
environmental criteria to obtain an optimal compromise between economic, social, and
environmental benefits.

The optimiser provided by ENG relies upon an optimisation framework able to handle more
objectives at the same time. It has been implemented through a heuristic algorithm, the Non-
dominated Sorting Genetic Algorithm Il (NSGA Il), in which the main objectives are the provision
of flexibility services to the grid operators, guaranteeing the economic management of the
energy operations, and the user comfort, in terms of fulfilment of the energy demand for the
space cooling or heating and availability of domestic hot water. In this case, the solution
proposed allows to leverage on the storage systems, in particular the electrical battery and the
latent storage, not only for handling internal energy management but also for addressing the
request from the grid operators. This is part of a wider framework of Demand Response (DR)
implementation in the field of building energy management. A typical DR mechanism has been
envisioned: a grid operator sends a flexibility service request signal consisting of a power profile
to be followed by the building. This service request drives the optimisation. The system fulfills
the request, guaranteeing at the same time the comfort of the inhabitants, always seen as
priority.

The main conclusion of this second approach reported in the deliverable is that the participation
to DR programs could be feasible in this context, exploiting the flexibility allowed by the
adoption of a HYBUILD solution for the energy management of the building. The proposed
algorithm, based on NSGA-II approach, is also quick enough to adopt not only a day-ahead
approach but also an infra-day adaptation within reasonable execution time in case of needs of
re-adaptations: the study performed on the algorithm at variation of configuration parameters
demonstrated in fact that higher execution times allows better results only under particular
circumstances. First of all, when the complexity of the system is high, the constraints over the
optimisation variables have a higher impact over the additional freedom enabled by a higher
number of optimisation parameters. In general, it is important to identify all the technical
constraints, in order to better shape the optimisation and tailor the implementation to the
specific case.
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Acronyms and Abbreviations

ADS Adsorption Chiller

AGL Aglantzia (simulated system)

Al Artificial Intelligence

B Battery (in formulas) / Power charged or discharged from the battery
BEMS Building Energy Management System
BESS Battery Energy Storage System

CON Continental

CONTRL Controller/equipment (electrical system)
cop Coefficient Of Performance

cv Control Volume

DHW Domestic Hot Water

DISTR Distribution system

DR Demand-Response

DRL Deep Reinforcement Learning

DSO Distribution Service Operator

EER Energy Efficiency Ratio

EL Electrical system

ENG Engineering Ingegneria Informatica S.p.A.
EURAC EURAC research

FE Final Energy

HP Compression chiller + PCM in HYBUILD MED system, Heat Pump in HYBUILD CON system
KPI Key Performance Indicator

MED Mediterranean

NSGA-II Non-dominated Sorting Genetic Algorythm I
oM Operational Modes

PCM Phase Change Material

PV Photovoltaic (system)

RBC Rule Based Control

RPW-HEX | Refrigerant/PCM/Water - Heat EXchanger
SC Space Cooling

Sc Self-consumption

SCoP Seasonal Coefficient Of Performance
SEER Seasonal Energy Efficiency Ratio

SFH Single Family House

SH Space Heating

SH/C Space Heating and Cooling emission system
sMFH Small Multi-Family House

SPF Seasonal Performance Factor

SR Share of Renewable

SS Self-sufficiency

STC Solar Thermal Collector

UDL Universidad de Lleida
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1 Introduction

1.1 Aims and objectives

The current deliverable reports and analyses the final results obtained in WP4 within the
different frameworks which have been designed, developed and studied during the entire
duration of the WP. The main scope is to describe the performance of the HYBUILD system from
different perspectives: the dynamic simulation performed by EURAC, the cost and efficiency
optimization studied and developed by UDL, and the flexibility optimization, intended as the
ability of the building to fulfill external requests exploiting its peculiar components, proposed by
ENG. Being the last deliverable foreseen in WP4, it builds upon the outcomes of previously
released WP4 deliverables D4.1 [1], D4.2 [2] and D4.3 [3]. In particular, the focus of this
deliverable is on the reference buildings adopting the HYBUILD solution for the Mediterranean
and Continental climates, as already defined and described in the past deliverables. This
deliverable does not analyse the performance of the real demo sites, which will be evaluated
later and reported in later deliverables, once experimental results are available from the
operational phase.

In this sense, the results analysed here will represent a benchmark and a reference for the real
demo site performance evaluation. Demo site owners and partners involved in post-processing
analisys at various levels are the main target groups of the current deliverable. Moreover, the
deliverable will be disclosed to the public, to all the readers interested about the HYBUILD
project, its results, and in particular its performance versus either the basic rule-based or the
optimized Al-based (Artificial Intelligence) control foreseen within the project and applied to the
reference buildings.

1.2 Relations to other activities in the project

This deliverable is linked not only to the work performed in WP4, and specifically in T4.1 for the
simulation activities, T4.3 for the optimisation, and T4.4 for the general implementation of the
Building Energy Management System (BEMS), but also to other tasks pertaining to other WPs.
Specifically, fundamental for the evaluation of the system result was the study and identification
of PIs and KPIs performed in WP1, in particular within T1.5, whose definitions, included in D1.3,
have been widely used in this deliverable. Component models reported in D3.1, have been
adapted and used as well for the elicitation of the results from the dynamic simulation.

The work performed and reported in this deliverable will be used in WP6, specifically in T6.4,
where the experimental results from demo sites will be acquired and studied, and their
performance will be evaluated versus the same Pls and KPlIs used in here.

1.3 Report structure
The deliverable is structured in five main sections, and one appendix.

The first section includes the general introduction and the scope of the document itself, as well
as the work performed by the different partners.

In the second section, the structure used to model the HYBUILD systems in TRNSYS is reported.
Detailed studies are carried out at technology level and reported in deliverable D3.1 [4]. For the
sake of simplicity and due to the level of detail adopted for estimating energy consumption,
simplified models are adapted and made suitable for thermal and electric analysis.
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The third section presents results from TRNSYS simulations of HYBUILD MED and CON systems
in the specific reference buildings considering the control logics extensively explained in D4.2
[2]. The results are reported in terms of the above mentioned and explained Pls.

The fourth section present cost and efficiency optimisation results, as well as the ones from the
flexibility-based optimiser. The two approaches, even if different in both methodology and
objectives, both allow to control the building in optimized way fulfilling the results each one
aims to obtain.

In the last section, the conclusions are given.

In the appendix, some info about the software implementation are given, as well as the thermal
control in the Continental case. This section is intended as an extension of the previous
deliverables in the WP to describe the software updates implemented in the meanwhile.

1.4 Contributions of partners

EURAC is responsible for the modelling of the HYBUILD systems for Mediterranean and
Continental climates in the specific reference building. The software TRNSYS is used to model
HYBUILD systems and to assess, through dynamic simulations, performance of the two systems
using Pls defined in D1.3 [5] with respect to sub-system and overall building system level.
Moreover, dynamic simulations are also useful for other partners working in optimization to
have a benchmark to compare the developed optimized control logics to evaluate their effective
benefits. Energy models of the HYBUILD systems are also useful for other partners when sizing
the system components.

UDL performed the implementation of the smart control using artificial intelligence techniques
based on cost and energy efficiency perspectives. A robustness check of the models was
performed, and the comparison of both optimisation strategies was shown. The most relevant
results and conclusions were also provided.

ENG led the WP and the final editing of the deliverable. Moreover, ENG is responsible of the
BEMS implementation and the flexibility optimiser. Results from tests have been collected and
analysed. In appendix, a brief intro to the software developed so far is included.

Further direct and indirect contributions have been given by CSEM, who is maintaining the
electrical rack implementing new firmware updates and indicators to support the system
performance and bug fixing and tested the BEMS interface, PINK, who kindly provided the
specifics of the thermal controller reported in appendix and logistic support in their demo site
to be efficiently managed remotely, UCY, for the refinement of the basic control rules in AGL,
FAHR, for the detailed memory mapping of their sorption module controller and testing of the
BEMS interface, and CNR-ITAE, who collaborated with UDL and ENG with the lab test of the main
subsystem that will be deployed in ALM and refined the basic control rules successfully tested
in Messina together with ENG.
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2 Introduction about HYBUILD Mediterranean and Continental systems

2.1 Resume about system structure

The HYBUILD Mediterranean (MED) and Continental (CON) systems have been already
presented extensively in different reports [1] [2]. However, it is here important to recall some
concepts to better understand how the system has been modelled in TRNSYS, which contains
various outputs in terms of Performance Maps coming from WP2 (components level) and WP3
(sub-system level) or operational modes of the global systems (WP4).

2.1.1 Maediterranean system

The HYBUILD system foreseen for MED climate is already explained in D4.2 [2]. Below, a short
description is reported, as well. Figure 1 shows the conceptual scheme of the system and its
division in sub-parts developed for TRNSYS dynamic simulation. As it can be noted, six sub-
systems are identified:

e Solar Thermal Collector (STC)

e Adsorption Chiller (ADS)

e Compression Chiller and PCM (HP)
e Distribution system (DISTR)

e Domestic Hot Water (DHW)

e Electrical system (EL)

Each of these subsystems is further detailed in the next sections.
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Figure 1 Conceptual scheme of HYBUILD MED system with sub-systems division. Sub-system colour legend:
yellow -> STC, red -> DHW, dark blue -> ADS, light blue -> HP, blue -> DISTR, green -> EL

It is useful to remind here that the target building for HYBUILD MED system is a Single Family
House (SFH) with 2 floors of 50 m? each in the Mediterranean climate (with the reference city of
Athens). The target building and climate considered are explained in detail in D1.1 [6].
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Solar Thermal Collector

Solar Thermal Collector (STC) circuit is composed basically by Fresnel solar collector (60 m?) and
buffer tank (800 I). To connect them, two circulating pumps (P2g and P2s) and a heat exchanger
to separate water from water-glycol circuits are foreseen. Pumps P2g and P2s are fixed speed
ones and their activation depends on two measured variables (Fresnel outlet water
temperature, measured by sensor TT 105 in Figure 2 and buffer tank top temperature, measured
by sensor TT 301 in Figure 2). Figure 2 reports the position of the sensors and components of
STC sub-system.

DNI 106

| TT301 |
———y O— !
| T ] |
| | |
I @ BUFFER |
| TT 105 TANK |
| I
| 9 9 |
| S |
e e e e e |
Figure 2 HYBUILD MED system, STC sub-system scheme with components and sensors used for sub-system

control

The activation of P2g and P2s occurs if the four following conditions are verified at the same
time:

e Solarthermal availability: STC water outlet temperature (TT 105) higher than 30 °C (with
a hysteresis characterized by deadband limits of respectively +5°C and 0°C);

e Temperature difference between STC water outlet temperature (TT 105) and buffer tank
top temperature (TT 301) higher than 5°C (the hysteresis deadband limits in this case
are respectively 0°C and -5°C);

e NOT STC Stagnation: STC water outlet temperature lower than 120 °C (with a hysteresis
characterized by deadband limits of respectively 0°C and -5°C);

e NOT Buffer Tank Boiling: buffer tank top temperature lower than 95°C (with a hysteresis
characterized by deadband limits of respectively 0°C and -5°C).

The buffer tank considered is equipped with four double ports to allow connection of all the

foreseen circuits. Figure 3 reports the buffer tank characteristics, in particular: position of the
sensor, position of all the connections with various circuits and geometrical characteristics.

10
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Figure 3 HYBUILD MED system, sensors, double ports and geometrical characteristics of the buffer tank

Adsorption module

Adsorption module’s scope is to cool down water coming from the condenser of compression
chiller ensuring in this way optimal working condition for compression machine and therefore
higher Energy Efficiency Ratio (EER). Figure 4 reports the adsorption module with its three main
circuits, the components to which it is connected and the position of sensors that evaluate the
device availability for operation. In particular:

e TT 301 evaluates hot water temperature;
e TT 702 evaluates cooling water temperature;
e TT 801 evaluates chilled water temperature.

5

BUFFER
TANK

N—

d

Figure 4 HYBUILD MED system, ADS sub-system scheme with components and sensors used for sub-system
control

11
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For the activation of adsorption module and its three related circulating pumps (P8, P10, P17)
three conditions on the three circuits temperature must be satisfied at the same time:
e Hot water circuit inlet temperature in the range 65 — 95 °C;
e Cooling water temperature lower than 50°C (the hysteresis deadband limits in this case
are respectively 0°C and -3°C);
e Chilled water temperature in the range 16 — 21 °C.

In the simulations, circulating pumps are considered constant speed pumps. Adsorption chiller
and dry-cooler instead modulate their power internally to reach the desired condition that, in
both cases, is an outlet temperature. In particular, for the adsorption chiller, the desired chilled
water outlet temperature is equal to 20°C, while for the dry cooler it has been considered equal
to ambient air temperature plus 2.3°C, to be consistent with the approach temperature reported
in the dry cooler datasheet at nominal conditions.

If at least one of the previous conditions is not satisfied, adsorption module, P8 and P10 are
switched off. If at the same time compression chiller is operating, valves V12 and V16 change
their position connecting the condenser of the compression module directly to the dry cooler.
In this way the compression chiller works temporarily as a water to air one and Figure 5
represents exactly this operative mode.

YN
N

BUFFER
TANK

S A

V16

LN

Figure 5 HYBUILD MED system, scheme of operational mode without ADS

Compression chiller and PCM

Compression chiller is the element that produces the energy for cooling the building. At this
point some explanations about its different possible operational modes are necessary. This
device in HYBUILD MED system is meant to work coupled with adsorption machine connected
to its condenser side but, if the adsorption module is not available, the compression chiller
condenser side can be connected directly to the dry cooler as explained above and shown in

12
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Figure 5. On the other hand, the evaporator side, although can be also connected directly to the
fan coils, is in general connected to the latent storage ensuring its charge. In this second way it
is possible to separate the distribution part from the “generation” one that comprises
compression chiller and adsorption module as well as the solar circuit.

Regarding the latent storage it constitutes one important part of HYBUILD MED system. Its scope
is to store thermal energy using a PCM material that is generally maintained at temperatures in
the range -2 - 12°C. The energy stored in the PCM tank is then used to cover building space
cooling demand.

Although HYBUILD MED system main focus is to cover space cooling demand of the building, the
possibility to cover space heating demand through the inversion of the hydraulic circuit is
considered, too.

Distribution system

The distribution system delivers energy through fan coil units for heating and cooling the
building to maintain the desired temperature. In fact, the HYBUILD MED system is able to cover
also heating demand during winter. For this reason, below, an explanation of distribution circuit
operations in different period of the year is reported.

Cooling season

During the cooling season, fan coil units are fed for most of the time from water that is cooled
down passing through the Phase Change Material (PCM) storage tank that presents temperature
in the range -2 — 12°C. Figure 6 reports this operational mode in continuous blue and red lines.
As can be seen in the same figure, there is the possibility to directly connect compression chiller
to the distribution system bypassing the PCM storage. However, from simulation it results that
this condition, represented in Figure 6 by blue and red dotted lines, doesn’t occur due to the
oversized chiller that is always able to maintain the PCM storage charged.

Fan coil units and distribution pump (P28) activation is governed by the thermostats of the
considered zones, therefore occurs if:
e Temperature in the considered zone is higher than 25°C (the hysteresis deadband limits
in this case are respectively 0°C and -0.5°C).

B

@ FAN COIL
UNIT

Figure 6 HYBUILD MED system, distribution circuit scheme during cooling season

Heating season

Although HYBUILD MED system aim is mainly to cover space cooling demand, also space heating
demand can be satisfied. Moreover, one important feature of HYBUILD MED system is the
possibility to exploit directly energy captured from STC to partly cover space heating demand

13
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through free heating mode connecting buffer tank directly to fan coil units. This operational
mode is shown in Figure 7. Free heating operational mode, that implies the activation of P28
and the position of valves V29 and V30 in bypass position is activated if both the two following
conditions are satisfied at the same time:
e Temperature in one of the zones is lower than 20°C (the hysteresis deadband limits in
this case are respectively +0.5°C and 0°C);
e Temperature at the node 5 of the buffer tank (see Figure 3) is higher than 40°C (the
hysteresis deadband limits in this case are respectively +1°C and 0°C).

TANK

BUFFER ﬁ
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<
%

o=
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P28

V30

+  FANCOIL
UNIT

Figure 7 HYBUILD MED system, free heating scheme

When there is no availability from the buffer storage, i.e., its temperature at node 5 is lower
than 40°C, space heating is covered in auxiliary mode. Figure 8 reports this modality where, using
hydraulic valves, the compression chiller is used as an heat pump, delivering water at
temperature around 40°C directly to fan coils.

14
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Figure 8 HYBUILD MED system, space heating delivered using the Compression Chiller

Domestic Hot Water

In HYBUILD MED system, DHW demand is covered by exploiting the solar source when available,
and through an electrical resistance inside the DHW tank when the first option is not available.
In particular, the conditions to charge the DHW tank using energy catched from solar thermal
collectors through the buffer tank are the following and the relative scheme is reported in Figure
9:
e DHW tank top temperature lower than 50°C (the hysteresis deadband limits in this case
are respectively +5°C and 0°C);
e Buffer tank top temperature higher than DHW tank top temperature (the hysteresis
deadband limits in this case are respectively +5°C and 0°C).

N
BUFFER D TANK
TANK
>\
<

Figure 9 HYBUILD MED system, DHW tank charging using buffer tank

If only the first condition is verified, as already mentioned, an electrical resistance is used to
increase the temperature of water inside the DHW tank. This second scheme is reported in
Figure 10.

15
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Figure 10 HYBUILD MED system, DHW tank charging using internal electrical resistance

Electrical system

The electrical side of the HYBUILD MED system is composed by three main components:

e Photovoltaic (PV) system with a nominal installed power of 3 kWp

e Battery Energy Storage System (BESS) with a total capacity of 7.3 kWh

e Controller/equipment (CONTRL) to manage the energy flow from the photovoltaic
system, to/from the battery and to/from the grid.

It is important to highlight that in this system the PV+BESS sub-system can provide electricity
only to the DC compression chiller (also called load) as shown in Figure 1, while the other system
components (dry cooler, circulating pumps, etc.) are all connected to the external electrical grid.
The logic used by the controller to manage the electrical energy fluxes is the following:

1. Priority is given to Self-consumption: if the compression chiller is operating and the
photovoltaic system is producing, the energy produced by the photovoltaic system is
sent to the compression chiller (load).

2. Ifthe energy produced by the photovoltaic system is higher than the energy required by
the load and at the same time the battery can be charged, the energy produced by PV
is used firstly to cover the load and the remaining energy is used to charge the battery.
If the battery is completely charged, the excess energy is sent to the grid.

3. If the energy from the photovoltaic system is lower than the energy required by the
load, the battery is discharged. In case the photovoltaic production and the energy from
the battery are not enough to cover the load demand, use energy from the grid.

Figure 11 represents in a graphical way the possible energy fluxes in the HYBUILD MED electrical
system.

PV

BESS LOAD

GRID

Figure 11 HYBUILD MED system energy fluxes in electrical system
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2.1.2 Continental system

The HYBUILD system foreseen for Continental (CON) climate is explained in more details in D4.2
[2], however, as done for the HYBUILD MED system also in this case, a short description is
reported. Figure 12 reports the conceptual scheme of the HYBUILD CON system and its division
in sub-systems used in TRNSYS dynamic simulation. These sub-systems are:

e Heat Pump (HP)

e Refrigerant/PCM/Water - Heat EXchanger (RPW-HEX)
e Distribution (DISTR)

e Space heating and cooling emission system (SH/C)

e Domestic Hot Water (DHW)

e Electrical system (EL)

The various sub-systems are explained in detail in the following sections.

HIF

BTy __ 1

Figure 12 Conceptual scheme of HYBUILD CON system with sub-systems division. Sub-system colour legend: HP ->
orange , RPW-HEX -> purple, DISTR -> grey, DHW -> red, SH/C -> yellow, EL -> green
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It is important to note that, the target building for HYBUILD CON system, is a small Multi-Family
House (sMFH) with 2 dwellings of 50 m? each per floor and five floors in the continental climate
(with the reference city of Stuttgart). However, for the sake of clarity, in the next figures, only
two dwellings (with the related components at dwelling level) are represented.

It is also important to mention here that the building considered for HYBUILD CON system has
been changed during the project from the one reported in D1.1 [6]. Same characteristics in terms
of geometry and number of dwellings and same reference climate (CON one, with Stuttgart as
reference location) are considered, but higher envelope performance up to achieve a heating
demand in the range of 50 kWh/m?/y.

Heat pump

Heat pump is the element that produces the energy for space heating (SH), space cooling (SC)
and ensure also decentralized DHW tanks charging. Being the distribution system a two-pipes
circuit, the HP works in some predefined periods of the day in DHW mode, while for the rest of
the day is available to cover SH or SC building demand (see DHW part in the following for more
details about DHW tanks charging periods). One of the innovative solutions of HYBUILD CON
system is the adoption of a latent storage (RPW-HEX) that is charged by the hot refrigerant gas
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exiting the HP compressor before it enters the condenser when the machine is working in SH or
SC mode without sensible decrements of HP performance. In this way, when the HP switches
from SH or SC mode to DHW tanks charging mode, it is possible to use the HP only to pre-heat
the water coming from the decentralized DHW tanks to a temperature of around 40-45°C [6]
and use the energy previously stored in the RPW-HEX as a thermal boost to further increase the
water temperature, to around 60°C, before sending it to the DHW tanks for their charging. The
main advantage of this operational mode is represented by the fact that the HP Coefficient Of
Performance (COP) for DHW tanks charging is similar to the COP of the machine in SH mode as
it depends on water outlet temperature (40-45°C in this case) and higher with respect to the
COP of the machine in DHW charging mode (when the machine should produce water with a
temperature in the range 56-62°C). It is in any case important to note that, the considered HP,
is also able to ensure DHW tanks charging without the latent storage contribution.

The HP activation in SH or SC mode is governed by basically two inputs:

e Single dwelling thermostats signal (TT ambient 1 and TT ambient 2 in Figure 13),
e Timer control to evaluate if the HP should work in SH/SC mode or in DHW tanks charging
mode in the considered moment (timer in Figure 13)

TT Pink 2
DHW
TANK

4
'y

[owz | BUILDING
~ = )
7
/
/ PV/ TT ambient 2
L/
GRID
A
- CONTRL TT Pink 1 timer
—
4 ® o
I Tape
BATTERY SoC
[ovz] BUILDING
RPW-HEX @
TT ambient 1
HEAT PUMP

Figure 13 HYBUILD CON system scheme with components and sensors used for systems control

More specifically, the HP is activated in SH or SC mode if one of the following conditions is
verified during the predefined working period:

e Atleast one dwelling is requiring space heating, that is indoor temperature is lower than
20°C+0.25°C;

e Atleast one dwelling is requiring space cooling, that is indoor temperature is higher than
25°C+0.25°C.

If, in addition to one of the previous conditions, the RPW-HEX can be charged, the HP works to
cover SH or SC demand of the building and, at the same time, RPW-HEX is charged. If, on the
other hand, there is SH or SC demand, but the RPW-HEX is already charged, the HP works to
cover only SH or SC demand. In this last case the hot refrigerant gas exiting the HP compressor
by-passes the RPW-HEX and is directly sent to the HP condenser.

Regarding instead HP activation in DHW charging mode, it is managed by slightly different input
signals, in particular:
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e Temperature sensor placed at node 1 of the specific DHW tank (TT Pink 1 and TT Pink 2
in Figure 13, for more detail about sensor position see TT Pink # in Figure 22)

e Timer control to evaluate if the HP should work in SH/SC or in DHW tanks charging mode
in the considered moment (timer in Figure 13)

More specifically, the activation of HP in DHW tanks charging mode occurs if the following
condition is verified during the predefined DHW charging periods:

e At least in one DHW tank, the temperature at the node 1 (see TT Pink # in Figure 22) of
the tank is lower than 50°C (the hysteresis varying between 50 and 53°C).

Moreover, if at the same time the RPW-HEX can be discharged, the two devices (HP and RPW-
HEX) work in series and HP only pre-heats the water to a temperature of 40-45°C with benefits
in terms of performance and, therefore, electrical consumption of the machine. If energy in
RPW-HEX is not available, the HP produces hot water at temperature around 56-62°C, ensuring
the DHW tanks charging.

At the end of this paragraph it is considered useful to resume the various possible HP operational
modes. Moreover, in the following points, also the labels used in TRNSYS model and in some
graphs presented in next sections to identify the various schemes are reported. In addition to
this, for each operational mode, a figure explains graphically the energy fluxes.

e SchemeSC_2_1:HP works to cover space heating demand and at the same time charges
the RPW-HEX (Figure 14)

QAUX

et it DHW <L

TANK DHW
[ | ™«

HEAT PUMP ‘E - - ‘E ENERBOXX - (F:g’;‘L - BUILDING
le
'
'

! |
L
El Energy IN

Figure 14 HYBUILD CON system scheme SC_2_1 (SH and RPW-HEX charging)

e Scheme SC_2 2: HP works to cover only space heating demand as the RPW-HEX is fully
charged (Figure 15);
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Figure 15 HYBUILD CON system scheme SC_2_2 (SH only)
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Scheme SC_3_1: HP works to cover space cooling demand and at the same time charges

the RPW-HEX (Figure 16);
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Figure 16 HYBUILD CON system scheme SC_3_1 (SC and RPW-HEX charging)

BUILDING

Scheme SC_3_2: HP works to cover only space cooling demand as the RPW-HEX is fully

charged (Figure 17);
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Figure 17 HYBUILD CON system scheme SC_3_2 (SC only)
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Scheme SC_4 _1: HP works in series with RPW-HEX to charge DHW tanks (Figure 18);
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Figure 18 HYBUILD CON system scheme SC_4_1 (DHW tanks charging with HP and RPW-HEX working in series)

Scheme SC_4 2: HP works alone to charge DHW tanks as RPW-HEX is not available

(Figure 19).
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Figure 19 HYBUILD CON system scheme SC_4_2 (DHW tanks charging with HP only)

Refrigerant/PCM (Phase Change Material)/Water - Heat EXchanger (RPW-HEX)

As already mentioned in the previous part, the use of a RPW-HEX is one of the key aspects of
HYBUILD CON system. The main purpose of this device is to store part of the sensible energy of
refrigerant after being elaborated by the HP compressor when it works to cover SH or SC building
demand and use the stored energy for DHW tanks, working in series with the HP. As previously
said, the operational mode that foresees the use of HP and RPW-HEX in series, guarantees higher
HP COP and, thus, lower electricity consumption with respect to the operational mode in which
only HP is used for DHW tanks charging. The higher HP COP when the HP works coupled with
RPW-HEX is due to the fact that, in this operational mode, HP only pre-heats the water to a
temperature of 40-45 °C. Being the HP COP higher when the machine works with lower water
outlet temperature this ensure an higher HP COP when the HP works coupled with RPW-HEX
(producing water at 40-45 °C) with respect to when the HP alone guarantees the DHW tanks
charging (producing water at 56-62°C).

The RPW-HEX thermal storage capacity considered in the simulations is 7 kWh. This value has
been set according to some preliminary indications from other partners. Nevertheless,
simulations with also different thermal storage capacity of the RPW-HEX (up to 10 kWh) have
been performed and the related conclusions are reported in section 3.2.

Distribution

The distribution circuit is constituted by all the devices that allow the connection between
generation units (HP and RPW-HEX) and decentralized units. The main components of the
distribution circuit are the hydraulic separator, the circulating pumps Ple and P5, and the
distribution pipes. To manage the distribution of hot water to DHW tank or to the fan coils, each
dwelling has a hydraulic box (ENERBOXX in Figure 12). It is important to note that the distribution
circuit is a two-pipes one, hence, the same two pipes are alternatively used to cover SH/SC
dwellings” demand and to charge the decentralized DHW tanks. The activation of P1e and P5 is
related to HP operation, in particular, they are activated if the HP is running. These two
circulating pumps are variable speed and the logic used to define the volume flowrate is the
following:

e If the HP is working in DHW tanks charging mode, circulating pumps Ple and P5
elaborate the nominal volume flowrate;

e if the HP is working in SH/SC mode, circulating pumps Ple and P5 elaborate a volume
flowrate proportional to the number of dwellings that are requiring SH/SC.
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Space heating and cooling emission system

Space heating and cooling energy is delivered to the various dwellings through fan coil units to
maintain the desired temperature.

Heating season:

During winter, fan coils are fed with mild/hot water. The temperature of water sent to fan coils
is regulated based on external air temperature, through a climatic curve defined in Table 1.

Table 1 Climatic curve considered for space heating (emission units: fan coils)

T ambient air [°C] T water outlet [°C]
20 30
-20 50

The activation of a fan coil unit of the specific apartment is managed by the thermostat of the
considered dwelling and occurs if:

e Temperature in the considered dwelling is lower than 20°C + 0.25°C.
Figure 20 reports the HYBUILD CON system when operating in space heating mode. As can be
noted from the considered figure, the RPW-HEX is simultaneously charged (scheme SC_2_1).

@ BUILDING
T
T ambient 2
SoC timer
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TANK
[ovz] o BUILDING
T (7)
-
\
VTS TT ambient 1
/ HEAT PUMP

‘

Figure 20 HYBUILD CON system, space heating scheme with also RPW-HEX charging (scheme SC_2_1). System
components and sensors used for system control

Cooling season:

During summer, fan coils are fed with fresh water produced by the HP (at temperature of 7°C)
during the SC periods of the day. The activation of a fan coil unit of the specific apartment is
governed by the thermostat of the considered dwelling and occurs if:

e Temperature in the considered dwelling is higher than 25°C £ 0.25°C.
Figure 21 shows the HYBUILD CON system when operating in space cooling mode. Moreover, it
is important to note that, at the same time, RPW-HEX is charged (scheme_SC_3 1).
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Figure 21 HYBUILD CON system, space cooling scheme with also RPW-HEX charging (scheme_SC_3_1). System
components and sensors used for system control

Domestic Hot Water

As already explained in the previous paragraphs, the considered system is a two-pipes
distribution system, where the same two pipes are used alternatively for SH/SC and for charging
the decentralized DHW tanks. One decentralized DHW tank, with a capacity of 140 |, is installed
in each dwelling. This stored volume allows to cover the DHW users’ demand and to manage the
tanks charging operations in particular moment of the day. DHW users” peaks demand generally
occur in the early morning (from 6:00 a.m. to 9:00 a.m.) and in the evening (from 5:00 a.m. to
9:00 p.m). For this reason, the DHW tanks charging phase is foreseen in two timeslots of two
hours each from 3:00 a.m. to 5:00 a.m. and from 3:00 p.m. to 5:00 p.m. Moreover, the
considered DHW tanks charging periods are also periods in which it can be acceptable to
disconnect SH/SC system. Regarding the management of DHW charging sequence, the building
considered for the CON climate has five floors and two dwellings per floor. In this work it is
considered that two DHW tanks are charged at the same time starting with the two placed at
the ground floor.

A DHW storage is considered to be charged during the DHW tanks charging phase if:

e the temperature at node 1 of the tank (TT Pink # in Figure 22) is lower than 50°C (the
hysteresis varying between 50 and 53°C).

Once a DHW tank is fully charged, the charging of the DHW tank placed at the upper floor starts.
This DHW tanks charging phase continues until one of the following conditions is reached:

e All DHW tanks are charged;
e The timeslot for DHW tanks charging ends.

Figure 23 reports the decentralized DHW tanks charging phase. In the same figure, HP and RPW-
HEX work in series (scheme SC_4_1).
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Figure 22 HYBUILD CON system, decentralized DHW tanks scheme, temperature sensor position and geometrical
characteristics
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Figure 23 HYBUILD CON system, decentralized DHW tanks charging scheme with HP and RPW-HEX working in
series (scheme SC_4_1). System components and sensors used for system control

To ensure DHW at every time to the users, there is an electrical resistance inside each DHW tank
that works as back-up element. The activation of the electric back-up occurs if:

the temperature at node 1 of the tank (see TT Pink # in Figure 22) is lower than 42°C
(the hysteresis deadband limits in this case are respectively +3°C and 0°C).

Figure 24 shows the scheme of this operational mode where electrical resistances of the single
DHW tanks are activated to ensure the desired temperature inside the storage. Please note that,
the management of the back-up element of the specific DHW tank, depends only on the
temperature at node 1 (see TT Pink # in Figure 22) of the considered tank. The fact that in Figure
24 both electrical resistances are represented active at the same time is only for the sake of

clarity of the figure.
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Figure 24 HYBUILD CON system, decentralized DHW tanks charging scheme with electrical resistances. System
components and sensors used for system control

Electrical system

As for the HYBUILD MED system, also the HYBUILD CON system considers the presence of a PV
+ BESS system. The three main components are:

e Photovoltaic system (PV) with a total installed power of 10 kWp

e Battery Energy Storage System (BESS) with a total capacity of 15 kWh

e Controller/equipment (CONTRL) to manage the energy flow from PV, to/from Battery,
to/from grid.

As can be noticed, the only differences between the HYBUILD MED and CON electrical systems
are related to the different sizes of the components. On the other hand, the logics used by the
controller to manage the electrical energy fluxes are the same (already reported in section 2.1.1.
and shown in Figure 11). It is important to underline that also in this case, only the HP can be
powered by the energy coming from the PV+BESS sub-system (see Figure 12) as the considered
HP is a DC component. All other auxiliary devices (circulating pumps, electrical resistances in the
decentralized DHW tanks) can be powered only using electricity coming from the grid.

2.2 Resume about Pls used to evaluate systems” performance (from D1.3)

Performance Indicators (Pls) define useful quantities that allow evaluation of the system with
respect to different objectives (performance, comfort, healthiness and cost). These quantities
are explained in detail in D1.3 [5]. Here, Pls provide a first evaluation of the two HYBUILD
systems. They will be used in future also as benchmark to evaluate the validity of different
developed optimised control strategies. Different Pls, for different control volumes (CV) at sub-
system level (L2) and overall building system level (L3) have been identified to allow a complete
evaluation of the system.

Although the Pls defined in D1.3 are used to evaluate both HYBUILD MED and CON system
performance, for the sake of clarity, here they are presented separately (for the two HYBUILD
system, MED and CON). In this way, the specific CV and the various contributions taken into
account are more clear for the reader. For this reason, in the following, section 0 presents the
Pls used to evaluate performance of the HYBUILD MED system, while section 2.2.2 reports the
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Pls used to evaluate performance of the HYBUILD CON system. On the other hand, being the
control volume, the contributions and the concept of the electrical part of both systems basically
the same, section 2.2.3 reports the Pls used to evaluate the performance of electrical part (valid
for MED and CON system).

It is here important to add a specification about the calculation of the index Self-sufficiency. In
the HYBUILD systems (both for the MED and CON climates), the PV+BESS sub-system is only
connected to the compression chiller/heat pump compressor, as this device is fed by DC current.
In this view, it is considered more appropriate to evaluate the aforementioned PI considering
only the load that can be effectively powered by the PV+BESS sub-system, excluding the
electrical consumption of auxiliary elements (as circulating pumps) as they are only connected
to the AC grid.

2.2.1 Maediterranean system’ Pls
Sub-system level (L2)
Thermal Seasonal Energy Efficiency Ratio (SEER,;)

SEER,, characterizes energy performance of a sub-system and it is defined as the ratio of
energy produced over energy required. In the case of the adsorption chiller sub-system energy
required is thermal energy. Formula and conceptual scheme of this Pl are reported below and
in Figure 25.

Qchilled water
SEERth,ADS,CVl =

Qhot source
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|
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|
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DRY-C
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water

Figure 25 HYBUILD MED system, scheme for the evaluation of adsorption chiller performance

Where Qcniti water iS the thermal energy of the chilled water circuit that goes to the
condenser of the compression chiller, while Qp¢ source 1S the thermal energy used by the
machine.

Electric Seasonal Energy Efficiency Ratio (SEER,;)
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The SEER is used also to evaluate a device performance with respect to the consumption of
electricity. In the specific, this Pl is applied to the compression chiller. It is however important
to consider the chiller performance in the two working modes: when it is connected to the
adsorption chiller and when it is directly connected to the dry cooler. These two operational
modes must be evaluated separately because different components have to be taken into
account. In addition to these two SEER,; (SEERyp cy, and SEERyp ¢y ), a third one represents
the overall (global) performance of the chiller in the two modalities along the year (SEERyp cy3).
In the following, the various equations used to evaluate the various SEER are presented, while
Figure 26, Figure 27 and Figure 28 show the schematic of the respective operative modes.

Compression chiller SEER,; with adsorption chiller is

Qref + Qdirect cooling

SEER =
HPp.cvz El Energy IN

El Energy IN ADSORPTION
! MODULE
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HEAT PUMP

q
|
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|
|
|
|
|
|

Q direct cooling
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supply BUI

D )
Pam | > BUILDING

Figure 26 HYBUILD MED system, scheme for the evaluation of compression chiller performance (when it operates
coupled with adsorption module)

Where Q. is the thermal energy that goes to the PCM storage and Qgirect cooting IS the thermal
energy that goes directly to the building (using the standard evaporator). These two
contributions are here evaluated with compression chiller that works coupled with adsorption
module. In addition to that, El Energy IN represents, in this case, only the energy consumed
by the compressor.

Compression chiller SEER,; without adsorption chiller is

Qref + Qdirect cooling
El Energy IN

SEERypcy =
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Figure 27 HYBUILD MED system, scheme for the evaluation of compression chiller performance (when it operates
without adsorption module)

Where Q. is the thermal energy that goes to the PCM storage and Qgirect cooling 1S the thermal
energy that goes directly to the building (using the standard evaporator). These two
contributions are here evaluated with compression chiller that works directly connected to the
dry cooler. In addition to that, El Energy IN, in this working mode, besides the compressor
electrical consumption, includes also the energy to run the dry cooler and the pump P17 when
the compression chiller is directly connected to the dry cooler.

Compression chiller SEER,, global is

Qref + Qdirect cooling
El Energy IN

SEERypcy3 =
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Figure 28 HYBUILD MED system, scheme for the evaluation of compression chiller performance (global
evaluation)

Where Q. is the thermal energy that goes to the PCM storage and Qgirect cooling 1S the thermal
energy that goes directly to the building (using the standard evaporator). These two
contributions are here evaluated with compression chiller that works both coupled with
adsorption module and also directly connected to the dry cooler. In addition to that,
El Energy IN, besides the compressor electrical consumption when the compressor chiller
works coupled with adsorption module and also when it works directly connected to the dry
cooler, includes the energy to run the dry cooler and the pump P17 when the compression chiller
is directly connected to the dry cooler.

Overall building system (L3)
Annual building space heating and space cooling energy demands

Two of the most important values generally used to assess thermal properties of a building are
the building space heating and space cooling energy demands. Space heating and space cooling
energy demands represent the amount of energy needed to ensure that indoor temperature is
maintained in a certain range (between 20°C and 25°C) along the whole year. With these two
values, and knowing the boundary conditions considered (as, for example, climatic data of the
considered location and internal gains contribution to the energy balance of the building), it is
possible also to extrapolate indications about building envelope performance. In this section
these values are evaluated over a period of one year.

Electric and thermal Seasonal Performance Factor (SPF)

Electric and thermal Seasonal Performance Factor (SPF,; and SPFy) are Pls used to evaluate
global system energy performance. Their definitions are reported below, while Figure 29 and
Figure 30 show graphically the various electrical and thermal contributions considered in the
respective equations.

System SPF,; is

Qcool supply BUI
SPF, =
eLCY7 ™ El Energy IN
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Figure 29 HYBUILD MED system, scheme for the evaluation of system SPF

Where Qcoot suppty Bur represents the overall cooling thermal energy supplied to the building
whereas El Energy IN takes into account all electrical energy contributions: electricity
consumed by the adsorption machine, by the dry cooler, by the heat pump compressor, by the
pump P2g, P2s and P8 of the adsorption hot circuit, by the pump P17 of the adsorption chilled
circuit, by the pump P10 of the adsorption cooled circuit, by the pump P28 of the distribution
circuit.

ElEnergy IN = Qei,aps + Qerpry—c + Qerup + Qerp2g for ans + Qetp2s for aps + Qerps
+ Qerp10 + Qerp17 + Qerp2s

Although it is not represented in Figure 29, thermal energy entering the buffer tank is not only
used as heat source for the adsorption machine but also for space heating through free heating
mode and DHW production. To correctly account the electrical energy spent by P2g and P2s for
running the adsorption machine, their contributions are multiplied for the share of thermal
energy used for cooling purpose.

System SPFy, is

_ Qcoolsupply BUI
SPFpcyg =——

Qhot source
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Figure 30 HYBUILD MED system, scheme for the evaluation of system SPFy;,

Where Qcoot supply Bur represents cooling thermal energy supplied to the building whereas
Qho source takes into account thermal energy spent to run the adsorption module.

Solar and auxiliary element energy contributions for DHW production

One of the peculiarities of HYBUILD MED system is the possibility to cover part of DHW demand
using the thermal energy captured by solar thermal system. For this reason, it is considered
useful to present some results in terms of energy contributions, from solar system and from
auxiliary element (the auxiliary element foreseen is an electrical resistance inside the DHW
tank), to the DHW production. Figure 31 shows the CV considered for this analysis and the
energy fluxes entering and exiting the DHW tank. Solar and auxiliary contributions to DHW
production are evaluated with a monthly and yearly time frame. In addition to the yearly solar
contribution to DHW production, the monthly analysis allows to evaluate in more detail the two
contributions along the year, highlighting months in which the auxiliary element is never
activated and months in which it represents the main contribution to DHW production.
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Figure 31 HYBUILD MED system, scheme for the evaluation of solar and auxiliary contributions to DHW
production

Solar and heat pump energy contributions for space heating demand covering

Another important characteristic of HYBUILD MED system, as already mentioned, is the
possibility to exploit thermal energy captured by solar thermal system to cover part of the space
heating demand of the building. As for the evaluation of solar energy contribution to DHW
production, also in this case, results are reported in terms of energy contributions, from solar
system and from heat pump, for space heating demand covering. Also in this case, the
evaluation is performed with monthly and yearly time frame. This allows to have an overall
yearly estimation about solar contribution to space heating but also a more detailed analysis
about the two contributions along the months, highlighting how the solar contribution varies
from coldest months of winter period (December, January, February) to more temperate ones
(March, April). Figure 32 shows the considered CV for this analysis, as well as the two
contributions for space heating demand covering.
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Figure 32 HYBUILD MED system, scheme for the evaluation of solar and auxiliary contributions to space heating

Final Energy use (FE)

As reported in D1.3 [5], Final Energy use is a PI that gives indications about overall energy
consumption of the specific energy vector considered in a system. For electricity driven systems
(as HYBUILD MED system), Final Energy use equals the electricity used to drive the HVAC system.
For a more useful evaluation, in addition to overall value, Final Energy use is also divided in Final
Energy use for space heating, space cooling and DHW use.

2.2.2 Continental system’ Pls

Sub-sytem level (L2)

Seasonal Coefficient Of Performance (SCOP) and Seasonal Energy Efficiency Ratio (SEER)
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SCOP (Seasonal Coefficient Of Performance) and SEER (Seasonal Energy Efficiency Ratio) are
the Pls used to characterize energy performance of the HP in heating and cooling operation.
Moreover, two different SCOP are evaluated for space heating and DHW tank charging
operational modes to evaluate HP performance in the specific heating scheme. Formula and
conceptual scheme of these Pls are reported below and in Figure 33,Figure 34 and Figure 35.

Seasonal Coefficient Of Performance in space heating mode (SCOPsy):

ch,space heating
El Energy IN

SCOPSH,CV HP =

El Energy IN

e |
|

|

|

| >
[T, 1--| HEATPUMP space heating

|

|

|

Figure 33 HYBUILD CON system, scheme for the evaluation of HP SCOP in SH mode

Where Qtp space heating 1S, In this case, the thermal energy for space heating exiting the HP,
while El Energy IN represents, in this case, the electrical energy consumed by the compressor
of the HP for space heating.

Seasonal Energy Efficiency Ratio in space cooling mode (SEERg):

SEERsccr e = Gy

El Energy IN

e |
|

|

|

| >
[ 1--| HEATPUMP space cooling

|

|

|

Figure 34 HYBUILD CON system, scheme for the evaluation of HP SEER in SC mode

Where Q¢n space cooling 1S, In this case, the thermal energy for space cooling exiting the HP, while
El Energy IN represents, in this case, the electrical energy consumed by the compressor of the
HP for space cooling.

Seasonal Coefficient Of Performance in DHW tanks charging mode (SCOPpyy):

Q¢h,pHW
SCOPpuw,cv up = m
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Figure 35 HYBUILD CON system, scheme for the evaluation of HP SCOP in DHW mode

Where Q¢ pgw is, in this case, the thermal energy for decentralized DHW tanks charging exiting
the HP, while El Energy IN represents, in this case, the electrical energy consumed by the
compressor of the HP for decentralized DHW tanks charging.

Overall building system (L3)
Annual building space heating and space cooling energy demands

As already presented for the MED case, also for the CON one, space heating and space cooling
demands are used to characterize the building. Also in this case, space heating and space cooling
energy demands represent the amount of energy needed to ensure that indoor temperature is
maintained in a certain range (between 20°C and 25°C) along the whole year. With these two
values, and knowing the boundary conditions considered (as, for example, climatic data of the
considered location and internal gains contribution to the energy balance of the building), it is
possible also to extrapolate indications about building envelope performance. In this section,
these values are evaluated over a period of one year.

Electric Seasonal Performance Factor (SPF)

For evaluation of HYBUILD CON system performance at overall building system level (L3) one of
the used Pls is the electric Seasonal Performance Factor (SPF). As done for the HYBUILD CON
system performance at sub-system level, also in this case, different SPF are calculated for space
heating, space cooling and DHW tanks charging operational modes. The definitions of the
considered SPF are reported below, while Figure 36, Figure 37 and Figure 38 show the
considered control volumes, thermal and electrical contributions in the various cases.

Seasonal Performance Factor for space heating (SPFsy):

Qtn, heati
SPFsy cv syssu = El SEp:;j*ge;IlN
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Figure 36 HYBUILD CON system, scheme for the evaluation of system SPF in SH mode

Where Q¢pspace heating 1S, In this case, the thermal energy for space heating distributed by
emission units to the building, while El Energy IN represents, in this case, the electrical
consumption in space heating mode of HP compressor, circulating pumps Ple and P5 and
electricity consumption of the various fan coils in the dwellings.

Seasonal Performance Factor for space cooling (SPFs¢):

ch,space cooling
SPFsccv syssc = ElEnergy IN
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Figure 37 HYBUILD CON system, scheme for the evaluation of system SPF in SC mode

Where Q¢nspace cooling 1S, in this case, the thermal energy for space cooling distributed by
emission units to the building, while El Energy IN represents, in this case, the electricity
consumption in space cooling mode of HP compressor, circulating pumps Ple and P5 and
electricity consumption of the various fan coils in the dwellings.

Seasonal Performance Factor for DHW tanks charging mode (SPFpyw):

Qtnpaw
SPFpuw cv sys prw = m
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Figure 38 HYBUILD CON system, scheme for the evaluation of system SPF in DHW tanks charging mode

Where Qippuw s, in this case, the DHW thermal energy provided to the users, while
El Energy IN represents, in this case, the electricity consumption in decentralized DHW tanks
charging mode of HP compressor, circulating pumps Ple and P5 and also the electricity
consumption of the electrical resistances inside the decentralized DHW tanks.

Final Energy use (FE)

As reported in D1.3 [5] (and also in section 0) Final Energy use (FE) is a Pl that gives indications
about overall energy consumption of the specific energy vector considered in a system. For
electricity driven systems (as HYBUILD CON system), Final Energy use equals the electricity used
to drive the HVAC system. For a more useful evaluation, in addition to overall value, Final Energy
use is also divided in Final Energy use for space heating, space cooling and DHW use.

2.2.3 Electrical sub-system PIs (for both MED and CON system)
Overall building system level (L3)
Self-consumption (S¢ )

Self-consumption (Scepy) is a Pl that represents the fraction of energy produced by the
photovoltaic system and directly consumed by the load or stored into the battery, with respect
to the total PV production. Although this index is generally expressed with a yearly time frame,
in this work, also a monthly evaluation is reported. This allows to investigate possible
fluctuations and differences along the year. The formula adopted and a conceptual scheme for
this Pl are reported below and in Figure 39.

ERES (el)

Sc(el) =
RE (el)
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Figure 39 Scheme for Sc(e)) evaluation. The coloured arrows have the following significance: yellow: solar
radiation on PV modules, orange: energy produced by PV modules, green: energy from battery, blue: energy from
grid, dark red: energy to the load (equal to load demand). The light arrows on the right are used to highlight PV,
battery and grid contribution to the energy sent to the load. In the bottom right the energy coming from the grid
is split into two contributions: renewable (dark green) and non-renewable (blue)

Where Eggs (er) is the energy produced by PV and directly consumed by the load or stored into
the battery, while Ergs_ror (1) represents the total PV production.

Self-sufficiency (SS (er))

Self-sufficiency (S5(.r)) is a Pl that represents the fraction of energy produced by PV and directly
consumed by the load or stored into the battery, with respect to the total load demand. As for
Self-consumption, this index is generally expressed with a yearly time frame. In this work, also a
monthly evaluation is reported to allow a more detailed investigation about possible
fluctuations and differences along the year. Formula and conceptual scheme of this Pl are
reported below and in Figure 40.

ErEs (e

SS(el) = ED -

e B
U D o ED D | o

BATTERY e |
GRID - | ——
—— —

Figure 40 Scheme for SS) evaluation. The coloured arrows have the following significance: yellow: solar
radiation on PV modules, orange: energy produced by PV modules, green: energy from battery, blue: energy from
grid, dark red: energy to the load (equal to load demand). The light arrows on the right are used to highlight PV,
battery and grid contribution to the energy sent to the load. In the bottom right the energy coming from the grid
is split into two contributions: renewable (dark green) and non-renewable (blue)

Where Eggg (er) is the energy produced by PV and directly consumed by the load or stored into
the battery, while E}, () represents the total load demand (heat pump electrical consumption).

Share of renewables (SR )

Share of renewables (SR .p)) is Pl similar to Self-sufficiency, but in this case also the renewable
energy fraction of the energy taken from the grid is considered in the calculations. The index
represents the fraction between the overall renewable energy consumed (coming from PV+BESS
sub-system, plus the renewable part of the electricity coming from the grid) and the total
demand. The Share of renewables Pl has been calculated also considering the consumption of
the auxiliaries. It is important to note that the renewable fraction of energy coming from the
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grid is evaluated referring to the energy mix of the considered country (Greece for MED climate
and Germany for CON climate) for the year 2019 available in [8]. In this case, only the yearly
value of the index is elaborated as the renewable fraction in the energy mix of the considered
country is an annual value. Formula and conceptual scheme of this Pl are reported below and in
Figure 41.

ERES* l
SR(e‘l) = —(e )

Ep ey

O /D S
Y D | | EEED D | e
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|
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Figure 41 Scheme for SR evaluation. The coloured arrows have the following significance: yellow: solar
radiation on PV modules, orange: energy produced by PV modules, green: energy from battery, blue: energy from
grid, dark red: energy to the load (equal to load demand). The light arrows on the right are used to highlight PV,
battery and grid contribution to the energy sent to the load. In the bottom right the energy coming from the grid
is split into two contributions: renewable (dark green) and non-renewable (blue)

Where Egg « (er) is the energy produced by PV and directly consumed by the load or stored into
the battery plus the renewable energy fraction coming from the grid, while Ep, (¢;) represents,
in this case, the total energy demand (heat pump electrical consumption plus the consumption
of all auxiliaries).
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3 Dynamic simulations results

3.1 Maediterranean system

This section reports results from TRNSYS simulations of HYBUILD MED system in the specific
correspondent building (a SFH in the MED climate with the reference city of Athens) considering
the control logics extensively explained in D4.2 [2]. The results are reported in terms of the
above mentioned and explained Pls.

Sub-system level (L2) analysis
Adsorption chiller

According to what already presented in section 0, the thermal Seasonal Energy Efficiency Ratio
SEER;;, is used to characterize adsorption chiller performance. According to the formula already
presented in section 0, the value of this Pl is reported below.

SEERth,ADS,CVl =0.57

This value is slightly lower than what reported in the datasheet of the device (up to 0.65),
nevertheless is in good agreement with results from laboratory test of the considered machine
(0.55).

Compression chiller

As expected, compression chiller performance described in terms of SEER is better when
condenser is fed by water coming from adsorption module at around 20°C rather than when
connected directly to the dry cooler that works at ambient air temperature, generally higher
when space cooling is needed. As explained above, three different SEERs are defined to
correctly evaluate performance of the machine in different conditions. Results are reported
below.

SEER_with adsorption chiller
SEERHP,CVZ = 4.6

In addition to the Seasonal Energy Efficiency Ratio that gives a global evaluation about
compression chiller performance along the whole cooling season in the considered mode, in
Figure 42, a more specific analysis is reported for Athens ref. building. In this case, EER is plotted
against Ty, i, that represents the temperature of the cold source on the condenser side when
compression chiller works coupled with adsorption module. Theoretically there are three
possible operational modes that foresee the work of the two devices in series: SC3b, SC4b, SC6b.
These schemes are widely explained in D4.2 [2], however, below, a short recap is considered
useful for the reader. SC3b is the scheme that considers the by-pass of the PCM storage and the
direct connection between the compression chiller and the distribution circuit (blue and red
dotted lines in Figure 6), while SC4b is the scheme in which the compression chiller, working in
series with the adsorption module, only charge the PCM storage. Last, SC6b foresees the use of
compression chiller, working also in this case in series with adsorption module, to charge the
PCM storage and, at the same time the PCM storage is also discharged by the user that is
requiring space cooling. It is useful here also to remind the significance of letter “b” present in
all the mentioned schemes. Letter “b” refers to the operational modes in which compression
chiller and adsorption module work in series. On the contrary, letter “a” used at the end of the
scheme name indicates the same operational mode, but with the compression chiller directly
connected to the dry cooler and working as a classical air to water unit. For the sake of simplicity,
considering that working mode SC3b is never activated, it is not considered in this analysis.
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As expected, moving from lower T, ;, to higher ones the EER decreases. Following the defined
control strategies, outlet temperature from the chilled side of the adsorption chiller is set at
20°Cand, as can be seen in Figure 42, Figure 43 and Figure 44, the density of points around 20°C
and, consequently, the percentage of time in which compression chiller works in this condition
is above 90%. However, in less than 10% of the total running time, the temperature at the
condenser side of compression chiller ranges between 20 and 38°C.

Compression chiller EER at different condenser inlet temperature
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Figure 42 Compression chiller EER at different condenser inlet temperature in schemes SC4b and SCéb

Going into more detail, it can be noted as the temperature at the condenser side is not the only
variable affecting the EER. In fact, influences on the EER are observed also by plotting EER
with respect to the evaporator side temperature (in this case, considering that evaporator side
is always connected to PCM storage the temperature considered is Tpcp). As it can be seen in
Figure 43 and Figure 44, three different almost parallel EER trends are visible for three different
Tpcy ranges. As expected EER decreases lowering Tpcy because more electrical power is
needed to reach lower temperatures. However, the lowest EERs obtained with the coldest
Tpcy (between 0-2°C) and characterized by dark green (Figure 43) or gold (Figure 44) squares,
have low incidence on the global performance because, for most of the time, compression
machine does not work in these conditions but instead with a Tp¢p in the range of 4-6°C. This
fact is highlighted by the percentages of time worked with different Tpcy and T, i, ranges
shown using columns in Figure 43 and Figure 44.
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Compression chiller EER at different condenser inlet temperature
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Figure 43 Compression chiller EER against condenser inlet temperature in schemes SC4b for different Ty,cm and
percentage of time worked with different condenser inlet temperature and different T,cm ranges (secondary
vertical axis)

Compression chiller EER at different condenser inlet temperature
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Figure 44 Compression chiller EER against condenser inlet temperature in scheme SC6b for different Tpcm and
percentage of time worked with different condenser inlet temperature and different T,cm ranges (secondary
vertical axis)

SEER,; without adsorption chiller
SEERHP,CVZ = 3.1

The same analysis presented in the previous section has been performed also for the case in
which the condenser side of compression machine is directly connected to the dry cooler. This
analysis allows, as previously, to have a more detailed comprehension about compression chiller
performance using SEERyp ¢y, that gives indications about performance of the machine when
working directly connected to dry cooler over the whole cooling season.
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Figure 45 shows the compression machine EER plotted against temperature on the condenser
side that, in this case, is represented by ambient air temperature (WEA_TAMB). As for the
operation with adsorption module, also in this case, theoretical, there are three possible
operational modes where the compression chiller is directly connected to the dry cooler (SC33,
SC4a, SC6a). For the sake of simplicity, considering that also scheme SC3a (that is the direct
cooling from the compression chiller to the building bypassing the PCM storage) is never
activated, the operative points reported in Figure 45 represent only the relation between EER
and WEA_TAMB in scheme SC4a (blue squares) and in scheme SC6a (red triangles). Both
schemes SC4a and SC6a are meant to charge the PCM storage when it is empty and at the same
time adsorption module cannot work. More specifically, SC4a activation occurs if, in addition to
PCM storage condition, contemporaneously, space cooling demand is not present, while SC6a is
activated when, at the same time, space cooling demand is identified, hence, the PCM storage
is at the same time charged and discharged. The first considerations that follow are valid for
both SC4a and SC6a, while the slightly difference in terms of EER will be explained at the end
of this part.

As expected, moving from low WEA_TAMB to higher ones the EER decreases. In this case,
however, contrarily to what occurs with adsorption chiller, T,,. ;, is not fixed and is instead
strictly related to WEA_TAMB and to the dry cooler control. For simulations, the dry cooler
water outlet temperature is defined as follows:

Tyein = WEA_TAMB + 2.3

Where:
e Tyin is the outlet temperature from dry cooler and inlet in the condenser side of the
compression machine [°C];
e WEA_TAMB is the ambient air temperature (that constitutes the lower limit for T, ;,)
[°Cl;
e 2.3isa fixed AT suggested by the dry cooler data sheet [°C].
As Figure 45, Figure 46 and Figure 47 show, for most of the time in which compression chiller
works in “schemes_a” (SC4a, SC6a), WEA_TAMB is between 20 and 38 °C, therefore T, j, is in
the range of around 22- 40 °C. Being this temperature higher with respect to T, ;5 in SC4b and
SC6b (that for most of the time is 20°C as shown in Figure 43 and Figure 44), the resulting EER
is, as expected, lower because more electrical energy is used by compressor to obtain the same
cooling effect on the evaporator side.

Another variable that strongly affects the EER is, also in this case, Ty, Figure 46 and Figure 47
show three almost parallel trends of EER depending on Ty, In particular, the light blue (Figure
46) and pink (Figure 47) dots indicate the operative points characterized by the highest T;,¢p,
range (between 4 and 6°C), while on the other side, dark blue (Figure 46) and red (Figure 47)
squares represent operative points with the lowest T, range (between 0 and 2°C). Also in
these cases, the obtained results are in line with expectations because lower temperatures at
evaporator side are related to a higher electrical work needed at the compressor side and
consequently to a lower EER. Although EER reveals important decrements if Ty, is in the
lowest range of 0 - 2°C, this affects only partially the global performance of the machine and this
is due to the fact that for most of the time the T, during compression chiller operation is
between 4 and 6°C in both schemes SC4a and SC6a (blue and red columns respectively in Figure
46 and Figure 47).

Lastly, the slightly higher performance shown in scheme SC6a in comparison to scheme SC4a
visible in Figure 45 are due to the fact that, temperature at the evaporator side in scheme SCé6a
is generally slightly higher than in scheme SC4a and this, is reflected also in slightly higher EER.
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Compression chiller EER at different ambient temperature
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Figure 45 Compression chiller EER at different ambient temperature in schemes SC4a and SC6a

Compression chiller EER at different ambient temperature
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Figure 46 Compression chiller EER at different ambient temperature in schemes SC4a for different Tpcm and
percentage of time worked with different ambient temperature and different T,cm ranges (secondary vertical
axis)
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Compression chiller EER at different ambient temperature
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Figure 47 Compression chiller EER at different ambient temperature in scheme SCé6a for different Tycm and
percentage of time worked with different ambient temperature and different T,cm ranges (secondary vertical
axis)

SEER,; global
SEERHP,CV4- = 35

Compression chiller performance in different schemes (SC4a, SC4b, SC6a, SC6b) are presented
in detail in the previous sections. Here instead, indications about the global performance of the
compression chiller are given by using SEERyp cy4, calculated as the ratio of total cooling energy
delivered over the total electrical energy absorbed by compressor, dry cooler and P17 (see
Figure 28). Also in this case, more details can be extrapolate observing Figure 48 showing the
EER against temperature at the evaporator side of the machine (Tevap). Each point indicates one
operative point of the compression chiller, while the different colors identify the different
operative modes (blue squares for scheme SC4a, green squares for scheme SC4b, red triangles
for scheme SC6a, yellow dots for scheme SC6b). As expected, and also reported in the previous
analysis, EER presents a decreasing trend moving from higher to lower Tevap. Moreover, also
this figure shows the general higher EER when compression chiller works coupled with
adsorption module (schemes b) with respect to the respective schemes in which it works with
condenser side directly connected to the dry cooler (schemes a).
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