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1 Introduction 

The reduction of a building’s energy consumption can be pursued by intervening on both the 
envelope and HVAC system. Treating the building as a whole helps reducing the energy 
demand and consumption. An additional reduction in terms of fossil energy used can be 
achieved by exploiting renewable energy driven technologies as photovoltaic panels and solar 
thermal collectors.  

A comprehensive approach produces an interaction between all the retrofit measures making 
it difficult to individuate the effect that each solution generates on the final result. 

For this reason, modelling all the retrofit packages on the existing demo buildings and 
dynamically simulating the behaviour along the year helps to: 

• Assess energy savings; 

• Assess final operational costs; 

• Understand the interaction between different solutions; 

• Test the control strategies for the HVAC system; 

• Individuate the influence of the occupants on the building energy consumption. 

 
The first part of this document describes the demo cases of the BuildHeat project at the initial 
state and together with the solutions studied for the retrofit of the envelope and the HVAC 
system.  

The second part of the report presents how the buildings and HVAC systems models are 
developed, including assumptions, simplifications and degree of details adopted for modelling. 
In this section, the control strategies are also explained that are developed for each demo case 
and that are tested in the dynamic simulations.  

Finally, the third part of the document reports on the results obtained for each retrofit measures 
implemented. Analysis on the energy performance, energy consumption, internal comfort and 
influence of occupants’ behaviour are presented. Moreover, it is presented a comparison with 
the existing case and therefore, considerations on the final costs, and energy and costs 
savings. 
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2 Description of the demos and the adopted Retrofit 
solutions 

In this section, the BuildHeat demo cases and the implemented retrofit solutions are presented. 
Further details can be found in D5.3 [2]. 

2.1 Zaragoza demo case 

2.1.1 Existing case 

The demo-case building is a multifamily house situated in Zaragoza, in the northeast of Spain. 
It was built in 1990 and has not been renovated since. It comprises of a basement, ground 
floor and three upper floors (Figure 1). There are 53 residential apartments in total, which are 
located on the ground (8 apartments), and upper floors (15 apartments per floor). The parking 
at the basement area is not in use. The second floor is horizontally slightly shifted from the 
third floor as well as the first floor with the ground floor. 

 

Figure 1 – Zaragoza demo building 

 

The building is North/South oriented; there are two dwelling sizes, 85 m² and 55 m². The 
smaller is only South oriented and, exception of the last floor, there is not a balcony; the bigger 
apartment is developed through the two sides and on the South side there is a balcony. The 
staircases are embedded in the building volume on the North side. The typical floor plant of 
the whole floor is shown in Figure 2; Figure 3 shows the South façade while Figure 4 shows 
the plant of one-block apartments. 
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Figure 2 – Typical floor plant of the Zaragoza demo case 

 

Figure 3 – South façade of the Zaragoza demo building. 

 

The energy audit report [1] contains information on the construction details of the building 
(characteristics of the openings, floors and walls) and energy use. Construction typology of the 
building is as follows: 

Walls: The building walls can be divided into external walls, block walls (between different 
building blocks), and internal walls (between apartments in the same block). External walls 
contain a rock wool insulation layer so that their estimated U-value is low (around 0.52 W/m²K). 

Floors: The floors between the dwellings (internal floors) have no insulation layers. A rock wool 
insulation layer exists in the ground floor (between ground floor and basement) and roof floor 
(between third floor and roof); hence, these floors have low estimated U-value (0.42 W/m²K 
and 0.26 W/m²K respectively). Basement floor and sloping roof are not insulated. 

Openings: All windows in the common areas (staircases and main entrance hall) are single-
pane windows with aluminium or steel frames and no shading devices installed (with estimated 
U-value of 5.7 W/m²K). Main entrance doors also single-pane glass and steel frames. 

There is no heating or cooling in the common zones, as well as no mechanical ventilation, 
rather only natural ventilation.  

In the apartments, there is an electric radiator per room, which were originally installed by the 
building owner. In many of the apartments, there are also auxiliary heating devices including 
butane or kerosene heaters, fan coils, halogen heaters or portable electrical radiators. Each 
apartment has an electric boiler for DHW with 1.6 kW power in average (with small deviation 
between apartments). The annual electrical consumption per apartment square meters in 2016 
was 57.3 kWh/m², while the gas consumption for the heaters is unknown. In addition, each 
apartment has a number of household appliances like fridge, TV, cooking stove, oven, etc.; 
more details can be seen in [1]. 
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Figure 4 – Layout of one-block apartment composed by two 85m² north-south oriented dwellings and one 
55m² south-oriented dwelling 

2.1.2 Post retrofit - Building 

The intervention of renovation of the building envelope includes different typologies of new 
façade solutions. Figure 5, Figure 6 and Figure 7, show the elevations of the Zaragoza demo 
case with the identification of the different façade systems:  

• in green: external insulation without reflective coating (ETICS); 

• in light orange: external insulation with reflective coating (ETICS); 

• in orange: insulation insufflated in cavity walls; 

• in light violet: PV panels on the roof; 

• in violet: BuildHeat facade system with PV panels; 

• in blue: BuildHeat facade system with finish panel (Corian). 

 

 

Figure 5 – Zaragoza case study – North elevation of the renovation project 

 

Figure 6 – Zaragoza case study - South elevation of the renovation project 
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Figure 7 – Zaragoza case study – West and East elevation of the renovation project 

 

Figure 8 shows the North façade where it is applied an additional external insulation and MIG 
coating paint. The South façade has external insulation plus MIG coating where there are no 
balconies, and rockwool insufflated in cavity walls in the rest of the façade (Figure 9). 

 

Figure 8 – Zaragoza view of the north facade site works 

 

 

Figure 9 – Zaragoza: view of the South façade after renovation works 
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East and west facades have external insulation and MIG coating on the side roof external wall, 
while a BuildHeat façade is applied on the rest of the wall. This façade has a Halfen anchoring 
that supports Corian cladding panels or PV panels. The new envelope includes an insulation 
layer (Figure 10 and Figure 11). 

  

Figure 10 – Zaragoza CS new east facade construction (left) and site works (right) 

 

Figure 11 – Zaragoza CS new west facade 

2.1.3 Post retrofit – HVAC system 

Renovation intervention foresees the replacement of electrical heaters and radiators with Elfo 
Pack units provided by Clivet. The system is an air to air multifunction heat pump which can 
satisfy the domestic hot water (DHW) needs as well as the space thermal loads. The Elfo Pack 
provides heating in winter and cooling and dehumidification in summer and the supply of air 
renewal necessary to guarantee the comfort for the dwellers. Furthermore, the unit, thanks to 
the free-cooling and free-heating mode, can provide comfort conditions also in the mid seasons 
without increasing energy consumption.  
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Elfo Pack is a plug and play solution, so its installation will cause minimum disruption to the 
tenants during the refurbishment works.  

Space heating and cooling loads are covered through an air distribution system (Figure 12) 
while two 90 l of storage tanks connected in series are used for the DHW needs. In addition, 
in each unit a small size PV inverter directly connected to the CLIVET unit and prevented to 
inject electricity into the grid. 

In order to propose a completely decentralized solution system, each dwelling has its own PV 
panels and Elfo Pack unit. In this way, during the day the system can be powered by sun 
reducing the electrical consumption from grid. In case of excess of PV production, an electric 
resistance is switched on for heating up the DHW storage. 

The Elfo Pack guarantees 100 m³/h of fresh air for dwelling. The inlet air from outside is 
supplied to the rooms after filtering and treatments, while the exhaust air extraction is in 
bathrooms and kitchens. This allows to increase the comfort in the living rooms with a correct 
ventilation flow and air renewal for the dwellings. 

 

  

Figure 12 – Zaragoza: air distribution on the left and Elfo Pack on the right 

 

The apartments of the first and second floors bounding with the West and East facades are 
connected to 8 PV panels each installed on the East and West facades; all the other 
apartments are connected to 5 PV panels each installed on the 30° sloped roof. Main 
characteristics of the PV panels are reported in Table 1. 

 

Table 1 – Main characteristics of the PV panel  

Type Units Value 

Panel type  Monocrystalline silicon 

Peak power [W] 200 

Dimensions (LxWxH) [mm] 1580 x 808 x 35 
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2.2 Rome demo case 

2.2.1 Existing case 

The demo-case building is a residential building situated in Rome (Italy), located to the East 
side of the city in Colli Aniene’s district. The building (Figure 13) is a residential multi-story 
building built in 1971, with 8 residential floors, a basement and a ground floor. The building 
has gross total area of 11,193m2 and 80 dwellings, all belonging to private owners. The building 
has never been subjected to renovation interventions, except for ordinary maintenance. 

   

Figure 13 – Rome: Aerial view (left) and external view (right) of the building demo case  

Figure 14 shows the apartment plants, which are symmetrical with respect to the staircase. In 
each floor, there are ten flats served by 5 staircases (see Figure 15). The typical surface area 
of the dwellings is 89 m2. 

 

Figure 14 – Rome demo case - Dwellings typical floor plan 

 

Figure 15 - Ground floor plans (above) and generic floor plan (below) 
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The building envelope is characterized by very poor thermal performance. In fact, the typical 
exterior wall (Figure 16) has a thermal transmittance value ranging from 0.97 W/m2K for the 
typical masonry wall with perforated bricks, to 4.5 W/m2K for the concrete panels located above 
and below windows. Moreover, most of the existing windows are timber framed with 4mm 
single glazing and a U-value(glass) of 5.7 W/m2K. Other windows typologies have been identified 
in few apartments with similar performance.  

All the apartments have the same geometry. Each dwelling is east-west oriented and has two 
bedrooms, one living room, one dining room, two bathrooms, one kitchen and two balconies 
(Figure 14).  

 

Figure 16 –Typical window vertical section (left); Typical wall vertical section (right) (credit Rigenera)  

 

The heating system is centralized and shared with three other buildings which have the same 
geometry, surfaces and volumes of the demo case building. In 2015, a calorimeter was 
installed on the main gas pipes from the centralized boiler to each of the three buildings, in 
order to measure the real buildings’ heating consumptions.  

Whilst the centralized heating system was initially providing also DHW, in 2015 the owners of 
the demo building decided to cut off this service due to the inadequacy of the heat provided 
and to the expensive costs of DHW generation. Therefore, individual boilers are currently used 
for the DHW production.  

Centralized cooling and mechanical ventilation systems are not installed in the building. 
According to Italian regulation, the central heating system works from 1st of November until 
15th of April with a maximum of 12 daily working hours.  

More details on the existing building construction and energy use can be found in the Energy 
Audit [1]. 

2.2.2 Post retrofit - Building 

Interventions in the Rome demo case involve both external envelope and HVAC system. In 
particular, the planned interventions are: 

• Renovation of the building envelope, including windows; 

• Installation of decentralized ventilation systems in all the dwellings; 



 

 

www.BuildHeat.eu  Page 10 of 111 

• Centralized heating and DHW system with heat pumps; 

• Installation of Photovoltaic (PV) and Solar thermal collectors (STC), partially integrated in 
the new façade system. 

 

The building envelope retrofit intervention includes the installation of a traditional ventilated 
façade and the BuildHEAT façade system consisting of 8 cm thick insulation layer included in 
the façade frame, air cavity and an external cladding. The figures below represent the 
elevations of the Rome Demo Building with the identification of the different façade systems: 

• in orange: traditional ventilated façade system with ceramic tiles; 

• in red: BuildHEAT façade system with ceramic tiles; 

• in blue: BuildHEAT façade system with solar thermal collectors. 

 

 

Figure 17 – Rome CS - East elevation of the renovation project 

 

 

Figure 18 – Rome CS - West elevation of the renovation project 
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Figure 19 – Rome - North elevation (left); South elevation of the renovation project (right) 

 

The BuildHEAT façade system developed for this demo case is composed by the “macro-
panel” base unit with a slab to slab height and it is designed in two alternatives to allow for 
fixing of ceramic cladding panels along East and West elevations and solar thermal collectors 
on the South elevation. 

In the post-retrofit scenario, two different insulation layers have been added to the existing 
structure. The orange area of Figure 17 has a 10 cm insulation layer, whose thermal 
conductivity is 0.033 W/m∙K and the red area is 8 cm insulation and thermal conductivity equal 
to 0.028 W/m∙K. 

2.2.3 Post renovation – HVAC system 

The intervention on the HVAC and DHW system foresees the break off from the gas boiler with 
a system based on an air-source heat pump, which provides heating, cooling and DHW.  

Each staircase system is integrated with its own photovoltaic plant, installed on the building 
roof. Due to the orientation of the building and the architectural and structural constraints, only 
one solar thermal collector field (Figure 19 right) will be installed on the South façade and 
coupled to the closest staircase system. 

In order to maximize renewable energy harvesting and storage, a central DHW tank (one per 
staircase) is connected to 16 wall-mounted storages for DHW uses provided by the partner 
Pink, one per apartment, installed outside the balconies, in the staircase façade recess. This 
solution helps to significantly reduce the central storage size. The dwelling storage is integrated 
into an “ENERBOXX” that also includes a mechanical ventilation system and a hydronic 
module. At dwelling level, five fan coils are installed in each apartment, replacing the existing 
high temperature radiators. 
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Figure 20 - HVAC and DHW system scheme for South staircase (example for 2 apartments). Remaining 4 
staircase systems do not have the solar collector field 

 

The layout of the energy plant of the South façade is shown is Figure 20 and divided in section 
for a clearer description: 

1. ENERBOXX; 

2. Photovoltaic field (PV system); 

3. Solar thermal collector field (STC system); 

4. Heat pump generation system (HP system); 

5. Distribution of DHW; 

6. Distribution of heating and cooling (distribution H&C). 

 

Same subdivision is adopted for the definition of the control strategies.  

ENERBOXX: 

As briefly mentioned before, each dwelling has its own “Enerboxx”, a prototype of an innovative 
box that includes a water storage tank for domestic hot water uses, a mechanical ventilation 
unit and a hydraulic module connected to the fan coils circuit. Moreover, the hydraulic module 
is coupled with a DHW and H&C monitoring system to track the dwelling consumption (Figure 
21).   
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Figure 21 - ENERBOXX scheme 

On top of the storage tank and hydraulic box, it is mounted a ventilation system consisting of 
an efficient air heat exchanger developed by AIRRIA to pre-heat the inlet fresh air from the 
outlet air ventilation flow in winter or pre-cool it in summer. This ventilation unit ensures the 
hygienic exchange rates by saving energy thanks to the heat/cool recovery. The mechanical 
ventilation unit characteristics are reported in Table 2. 

Table 2 - Mechanical ventilation unit characteristic 

Mechanical Ventilation  Value 

Number of devices per apartment  2 

Air changes flow rate per apartment 240 m3/h 

Air changes per hour  1 vol/h 

Air volume across heat recovery units 
(whole building) 

18400 m3/h 

Heat recovery unit efficiency 75% 

The “ENERBOXX” tank has a water storage capacity of 140 litres and an internal heat 
exchanger of 2 m2 external surface. The advantages of having decentralized water storages 
with a hydronic module are: 

• De-coupling of dwelling DHW request from DHW production; 

• reduction of central storage size (most of the time old buildings have not technical room 
big enough for large size storage tanks); 
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• possibility of implementing an advanced predictive control system where water is supplied 
to the tank according to the real needs and most convenient hour of the day for each 
apartment. 

• Simplification on the installation and maintenance procedures thanks to the pre-installed 
hydraulic connection module and monitoring system. 

 

PHOTOVOLTAIC FIELD: 

Five photovoltaic fields are installed on the rooftop on a steel structure. Each staircase has its 
own photovoltaic field, which is made of 36 panels, with a total power capacity of 10.4 kW (54 
kW total power capacity for the whole building). Photovoltaic field and panel characteristics are 
summarized in Table 3: 

Table 3 - Photovoltaic field characteristics 

Photovoltaic panel  Value 

Cell Type Monocrystalline Silicon 

Dimension 1640 mm x 992 mm x 35 mm 

Aperture 1.6 m2 

Maximum Power Rating  Pn 300 Wp 

Module Efficiency  18.4% 

Collector slope 10°C 

Collector Azimuth 10° South-East 

Weight 18 kg 

Photovoltaic field (1 staircase)  Value 

Number modules  36 

Total surface 57.6 m2 

Field Maximum Power Rating  Pn 10.4 kW 

Photovoltaic field (5 staircase) Value 

Number modules  180 

Total surface 288 m2 

Field Maximum Power Rating  Pn 54 kW 

 

Electricity produced by the photovoltaic field is used for running the heat pump and auxiliaries 
of the centralized system. 

SOLAR THERMAL ENERGY PRODUCTION (only for the staircase at South end of the 
building):  

The solar thermal collector (STC) field is integrated into the BuildHEAT façade. 37 panels are 
coupled with a thermal energy storage (TES) in which solar energy is transferred by an internal 
heat exchanger. The STC field is made of 8 parallels with 4 collectors in series on the façade 
plus a parallel on the crown parapet. The solar collector field, thermal panel and TES 
characteristics are summarized in Table 4: 
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Table 4 - Solar field circuit characteristics 

Solar collector  Value 

Model  VIESSMANN Vitosol 100-FM 

Collector aperture area 2.3 m2 

Collector slope 90°C 

Collector Azimuth 13° South-East 

Collector linear loss coeff. 3.792 W/m2K 

Collector quadratic loss coeff. 0.021 W/m2K 

Optical efficiency 0.824 

Solar field  Value 

Number of single modules in series  4 

Number of single modules in parallel 9 

Field total area 86,21 m2 

Field capacity 65,12 kW 

Number of pump for circulation 2+1 

Pump modulation 3 speeds 

Mass-flow rate 1 mc/h 

Thermal Energy Storage  Value 

Storage capacity 1500 litres 

 

HEAT PUMP SYSTEM:  

All five-staircase systems have an air-to-water polyvalent heat pump, which can provide DHW 
and heating or cooling simultaneously. The heat pump is coupled to a buffer for DHW (named 
DHWs) on one side and on the other side to a buffer for heating and cooling (named BUF). 
Heat pump, DHW buffer and Heating/Cooling buffer characteristics are reported in Table 5: 

Table 5 - DHW and circuit H&C system components characteristics 

Polyvalent Heat Pump  Value 

Nominal Cooling capacity  80 kW 

Nominal Power Input  27.06 kW 

EER 2.94 

Nominal Heating capacity 84 kW 

Nominal Power Input 25.57 

COP 3.28 

DHW buffer  Value 

Storage capacity 1000 litres 

DHW Circuit  Value 

Number of twin pumps for circulation 1 

Pump Max Flow Rate 14 mc/h 

Pump Head 12 mH2O 

Pump Power Input 2.5 kW 

H&C buffer  Value 

Storage capacity 500 litres 

Heating/Cooling Circuit Value 

Number of twin pumps for circulation 1 
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Pump Max Flow Rate 7.5 mc/h 

Pump Head 8 mH2O 

Pump Power Input 1.8 kW 

 

DHW and H&C DISTRIBUTION: 

A modulating pump (PM2) manages DHW distribution to the ENERBOXX tanks installed at 
dwelling level. In the staircase with solar thermal collectors, in order to maximize solar energy 
harvesting, solar thermal energy can be stored in both solar TES and DHW TES. Moreover, 
ENERBOXX tanks at dwelling level can be overheated with solar energy. The functioning of 
the DHW distribution is presented in detail in section 3.3.2. 

A modulating pump (PM5) manages heating or cooling distribution to the dwellings through the 
ENERBOXX which leads the flow to the fan coils installed in the apartment (Table 6). The 
ENERBOXX plays a link between distribution at dwelling level and staircase level. 

PM5 sets the flow rate according to the number of dwellings that needs to be heated or cooled, 
while diverter valves lead the flow rate to the corresponding dwellings. 

Table 6 - Fan coil characteristics 

Fan coil  Value 

Number of devices per apartment  5 

Nominal Thermal Power  1.050 W 

Nominal Cooling Power 1460 

Nominal Heating capacity 84 kW 

Total Number of devices installed  400 
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2.3 Manchester demo case 

2.3.1 Existing case 

Albion Tower is a 17 stories residential tower block built in the 1970s and constructed using 
the Bison large format concrete panel system (Figure 22). Located in Salford, in the North 
West of England, the building comprises 100 dwellings. These are broken down into 32 single-
bedroom flat of 56 m2, 67 two-bedrooms flats of 80 m2 and one 80 m2 apartment currently used 
as an office. The building contains 7232 m2 of heated, habitable space and a further 2344 m2 
of corridors and basement space. Figure 23 shows the typical floor distribution. 

 

 

Figure 22 – Salford: demo case building before renovation 

 

Most of the dwellings and the building itself are owned and managed by Salix Homes Ltd, a 
registered provider of socially housing in the UK. There are, however, some leaseholder 
property owners (about 20) who are responsible for the maintenance and upkeep of their own 
dwellings, but who are required to contribute and participate in the management and 
improvement of services affecting the building as a whole. 
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Figure 23 – Salford: plant of the typical floor with the two-bedrooms dwelling (yellow) and the single-
bedroom dweelings (orange)  

No shading devices are detected, and openings have only some internal curtains. 

Heating system for space conditioning and DHW production is composed by a centralized gas 
boiler whose energy efficiency is assumed to be 0.8. Energy distribution in the apartments is 
provided by radiators working at high temperature (around 70°C). The building has only 
undergone regular property maintenance interventions such as kitchen and bathroom 
replacement programmed along with a window upgrade around the year 2000. The planned 
interventions on Albion Tower are: 

• Renovation of the building envelope with a standard solution and windows replacement; 

• Installation of a new heating system for space heating and DHW production. 

2.3.2 Post retrofit - Building 

As a result of the Grenfell Tower fire in 2017, Salix Homes decided not to specify any insulant 
or cladding materials that were combustible as part of the renovation of the exterior of the 
building. Based on experience and approval for use, the Alumasc Swisstherm Mineral Wool 
(https://www.alumascroofing.co.uk/media/94871/pd108fr-alumasc_tf_mineral_wool.pdf) 
system, was proposed and accepted for the Albion Tower. 

The Swisstherm Mineral Wool system incorporates a dual density mineral wool insulant, with 
a conductivity value of 0.039 W/m2K, basecoat, fiberglass scrim reinforcement, silicone-based 
primer and textured silicone decorative finish coat. The façade system was designed by 
Alumasc Facade Systems (Table 7) and was designed to comply with the Part B and Part L2b 
of the Building Regulations dealing with fire safety and energy efficiency respectively [3]. 

  

https://www.alumascroofing.co.uk/media/94871/pd108fr-alumasc_tf_mineral_wool.pdf
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Table 7 – External wall insulation system  

PROPOSED 
BUILD UP 

SYSTEM – SWISTHERM MINERAL WOOL & SILICONE RENDER 

Preparation (1) Fungicidal wash and bonding 
agent 

 

Adhesive (2) M.R. bedding adhesive 

Insulation (2) Alumasc dual density mineral 
wool  

THICKNESS (mm) 80mm / 110mm / 190mm 
(subject to area) 

Basecoat (3) Alumasc base coat 

Reinforcement (3) Alumasc glass-fibre reinforcing 
scrim 

Primer (4) ST PRIMER (colour tbc) 

Finish coat (4) ST SILKOLITT 1.5MM (colour 
tbc) 

 

UPVC (unplasticized polyvinyl chloride) double glazed windows were also specified for 
installation at the same time as the EWI system to minimise thermal bridging. The thermal 
performance of the windows is again stipulated by Part L2b of the Building Regulations [3]. 

 

 

Figure 24 - 3D satellite view of the building during the works and the surrounding area 

2.3.3 Post retrofit – HVAC system 

Following the Grenfell Tower fire in the summer 2017, it was decided that on safety grounds, 
individual gas heating systems were to be removed from Salix Homes’ tower blocks as a matter 
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of urgency. The BuildHeat proposal involved the installation of a ground source heat pump 
(GSHP) heating system for each dwelling as opposed to other forms of wet communal or direct 
electric heating technologies. Based on experience of operating wet communal heating 
systems in other tower blocks, Salix Homes proposed this technology as the only viable 
alternative to a direct electric system. Based on customer feedback, direct electric systems 
were ruled out due to high running costs, poor controllability and resident consultation 
exercises. The shared loop proposal (originally intended to be installed in conjunction with Pink 
Enerboxx hot water storage and Schneider monitoring and control devices) allows Salix 
Homes to remove gas from the tower block, avoid the heat metering, monitoring and billing 
requirements of the Energy Efficiency Directive that are associated with wet communal heating 
systems and provide to occupants a low running cost alternative. 

The design of the heating system, undertaken by Ground Heat Installations Ltd, incorporates 
individual inverter driven GSHPs fitted one to each dwelling and connected to four hydraulically 
balanced riser systems. Sizing of heat pumps and radiators follows the strict guidelines as laid 
out by the Microgeneration Certification Scheme (MCS) and the approach to calculate heat 
loss as required by MIS3005 [4]. The heat pump units used on this project are manufactured 
by Heliotherm (model SMS-M-1-6). 

Due to some certification issues for allowing the use of the Enerboxx in UK, an alternative hot 
water storage product was designed and used, namely a 120 litres cylinder manufactured by 
World Heat.Within the basement, there is a plant room with the distribution system to the four 
individual risers. Each riser is independently controlled. Six circulation pump sets are fitted 
within the basement central plant room (one for each riser plus two for the brine loop). 

Fourteen vertical bore holes with 183 m length are installed to supply the brine riser system. 

At apartment level, new radiators with thermostatic valve replace the existing ones. Radiators 
have a design run temp of 45°C at peak times. A new 120 litres DHW cylinder is installed and 
supply and return circuit pipe works are executed to connect the radiators to the GSHP. Figure 
25 shows the technical characteristics of the DHW tank. 

 

Figure 25 – Salford: Cylinder drawing 

Simple room thermostats are installed in the living room. Although DHW programming timer is 
available, it has been recommended to allow priority DHW 24/7. The heat pump has web 
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access and can be remotely controlled and monitored. The heat pump has its own calorific 
and electrical consumption meters and recording system. 

Depending on the apartment type, different radiators sizes are installed. Table 8 shows the 
characteristics of the seven different radiator sizes installed (highlighted rows), while  Table 9 
lists the radiator model and the room where it is installed in. 

 

Table 8 – Technical characteristics of the installed radiators 

 

 

Table 9 – Radiators design (height x length – mm) 

One-bedroom apartments Two-bedroom apartments 

Lounge  600 x 2200 Lounge 600 x 2400 

Hall  600 x 700 Hall 600 x 400 

Kitchen  600 x 1200 Kitchen 600 x 1100 

Bedroom 600 x 1200 Bedroom 1  600 x 1100 

Hall  600 x 400 Bedroom 2  600 x 1200 

Bathroom  600 x 500 Bathroom 600 x 500 

 

The GSHPs source side is constituted by a brine circuit divided by four risers. All riser pipes 
have water resistant insulation fitted with all joints sealed. Figure 26 represents the scheme of 
the four risers distribution along the building. 
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Figure 26 – Salford: scheme of the brine loop serving the HP at dwelling level. 

 

The bore field consists of 14 bore holes of 183 m deep and 153 mm diameter using the Rygan 
coaxial system. Trench work between boreholes is carried out for header pipe work. All header 
pipe are fitted at a minimum depth of 1m below surface level. Isolation valves to bore field are 
fitted within the basement plant room. The bore connector pipe enters the basement at 
approximately 1.2 m below surface. Figure 27 shows how the bore field is distributed in the 
building basement. 

 

Figure 27 – Salford: Bore field works 
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2.4 Pinerolo demo case 

2.4.1 Existing case 

Pinerolo is a small city, about 60 km away from Turin (northern of Italy). The demo case 
building is in via della Cittadella, on an area surrounded by hills. The building is a multifamily 
house built in 1965, having 10 dwellings, and owned by Eneralliaudi s.r.l. Figure 28 shows the 
building from above and Figure 29 shows the building from different views. 

 

 

Figure 28 – Pinerolo: Top view of the building (Google maps). The grey part is the roof top of the third 
floor and the white part is a terrace, which is at the second floor. 

 

   

(a) (b) (c) 

Figure 29 – Pinerolo: View of the building from north-east (a), south-east (b), and south-west (c) 

 

The apartments are placed on four floors, as shown in Figure 30, and have a quite large 
variability of shape, exposure, and floor area (from 46 m2 to 130 m2). In the basement, cellars 
and boiler rooms are present, while part of the ground floor is used as garage and deposit. An 
internal courtyard is present, owned exclusively by the building. 
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 GROUND FLOOR FIRST FLOOR  

 

 
 

 

 SECOND FLOOR THIRD FLOOR  

Figure 30 – Pinerolo: Distribution of the 10 apartments  

The building envelope was no insulated before the renovation. External walls are mainly made 
of bricks, with an internal non-ventilated cavity and with a poor thermal transmittance (1.1 
W/m2K). The floor and the roof have no insulation layers neither. The building construction is 
composed of: 

• reinforced concrete structure with non-bearing brick walls; 

• external walls consisting of two bricks layer with an air gap layer in-between; 

• flat concrete roof; 

• single-pane glass windows without thermal break. 

 

In the following, more details on the construction elements are given. 

Table 10 – Walls construction for the Pinerolo demo case pre-intervention 

External wall 

 

material thickness transmittance 

concrete and sand plaster 15 mm  

 

U=1.1 W/m2K 

brick masonry 80 mm 

non-ventilated air layer 300*-330** mm 

brick masonry 80 mm 

concrete and sand plaster 15 mm 

 * facade on the courtyard side 

** facade on the street side 
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Slab between apartments and basement 

 

material thickness transmittance 

ceramic tiles 10 mm  

 

U=1.5 W/m2K 

concrete substrate 70 mm 

sand and gravel concrete  60 mm 

brick slab 200 mm 

plaster 5 mm 

    

Ceiling (roof) 

 

material thickness transmittance 

butyl 10 mm  

 

U=1.1 W/m2K 

concrete screed 40 mm 

brick slab 160 mm 

sand and gravel concrete 40 mm 

brick slab 180 mm 

gyspsum and sand plaster 15 mm  

 

In the pre-renovation scenario, heating relies on a gas condensing boiler in the basement, distributed 
by radiators placed mostly under the windows. Electrical boilers located in each apartment are used for 
domestic hot water production. Neither air conditioning system nor ventilation system are present. 

2.4.2 Post retrofit - Building 

The planned interventions for the Pinerolo building case study are:  

• renovation of the building envelope, including windows replacement; 

• installation of photovoltaic system and solar thermal collectors on the flat roof; 

• installation of a heat pump for space heating and cooling; 

• installation of Energy Boxxes for each apartment for storing energy for DHW uses and for 
managing space heating and cooling distribution; 

• installation of a mechanical ventilation system with heat recovery. 

 

Intervention on the envelope include the use of the Halfen façade composed by pre-fabricated 
panels The insulation of the envelope consists of two different renovation solutions depending 
on the façade: for the walls facing towards the street (north and west), it was added 8 cm of 
EPS reaching a thermal transmittance of 0.19 W/m2K, while the other walls have thinner 
insulation layer and the added insulation is 10 cm achieving a transmittance of 0.24 W/m2K. In 
all the external walls, the solutions are based on the installation of a ventilated façade, with 
insulation composed by glass wool layers. The slab between the ground floor apartments and 
the basement is insulated on the basement side with 8 cm of EPS and the roof is insulated 
from inside (ceiling) with 10 cm of EPS (see Figure 31).  

Windows have been replaced with new PVC external windows, with double glazing system, 
thermal break, and a maximum transmittance of 1.2 W/m2K. 
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Figure 31 – Pinerolo: Insulation layers behind the ventilated façade 

 

 

Figure 32 – Pinerolo: Installation of tiles for the ventilated façade 

 

2.4.3 Post retrofit – HVAC system 

In the retrofit solution, the main generation device for heating and cooling (H&C) is an air to 
water heat pump (HP), whereas, for domestic hot water (DHW), solar thermal collectors (STC) 
are installed. The existing heating and DHW system, which was based on a condensing boiler, 
is maintained as auxiliary back-up system for space heating and DHW production. 

The layout of the generation system and the DHW, heating and cooling distribution is shown 
in Figure 33. The system components shown in this figure are all located in the building 
basement. 
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Figure 33 – Layout of the system generation units and DHW, heating and cooling distribution. 

The H&C generation is centralized and the 50 kW heat pump (Hidros LZT 
0852/HA/XL/RV/P2U) is located on the roof top of the building.  When necessary, heating is 
integrated with the boiler. Both the heat pump circuit and the boiler circuit are hydraulically 
separated from the H&C distribution circuit, by means of plate heat exchangers. The reason 
of this choice lies on the will to maintain the old and the new circuit separated. 

Domestic hot water production is centralized and covered by the gas boiler when energy from 
the solar thermal collectors (STC) is not enough. The 16 installed collectors have a total field 
area of 42 m² and are south oriented with a tilt angle of 15 degrees. The safety of the solar 
circuit is guaranteed by the installation of a dry-cooler which dissipates heat in case high 
temperatures are reached.  

Due to the separation of each circuit and for allowing the contribution of the gas boiler to the 
DHW production and space heating, the system includes in total four heat exchangers, which 
are listed in Table 11. A scheme of the layout is presented in Figure 33. 

 

Table 11 – List of the four plate heat exchangers included in the system, with their source and load side 
circuits and design sizes. 

Heat exchanger name Source side circuit Load side circuit Size (kW) 

SOLAR HX solar DHW distribution  40 

DHW AUX HX boiler DHW distribution  116 

HP HX HP SH distribution 71.5 

SH AUX HX boiler SH distribution 116 

 

The two distribution systems (for DHW and H&C) deliver thermal energy through the pipes 
going from the basement to the Enerboxxes located in each apartment. The Enerboxx contains 
a water storage tank of 140 liters for DHW, with an integrated coil exchanger, and a hydraulic 
module which contains pipes and valves for the management of the dwelling heating and 
cooling circuit.  
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Figure 34 – Enerboxx render 

The whole system described above is controlled by a freely programmable Building 
Management System (BMS), that can read values and act on boiler, heat pump, valves and 
pumps to keep the system operating with the desired parameters. On the Enerboxxes, flow 
and energy meters are present, as well as a dedicated BMS controller, to read energy values 
and to control the valves. Details on the control of the system are given in the modelling section.  

The ventilation system is decentralized and has high efficiency, with crossflow heat recovery 
devices (one for each apartment), having a nominal air flow rate of 150 m3/h. 

Electric energy is partly covered with a photovoltaic field, located horizontally on the rooftop 
and composed of 66 photovoltaic modules having a peak power of 300 kW.  

 

  

Figure 35 – HVAC/DHW substation in Pinerolo post intervention 
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3 Modelling of the retrofit solutions 

3.1 Modelling environment 

The assessment of retrofit packages performance needs to be accomplished beforehand in 
order to estimate the savings that the solution can generate. Moreover during the design 
phase, different retrofit packages are compared in order to individuate the most cost effective. 
A modelling environment organized with a modular structure suits with this purpose. A deep 
retrofit usually includes an advanced control that optimizes the overall system. In line with this, 
the modelling environment should also be able to tackle with the implementation and testing 
of the control strategies. 

The retrofit packages proposed in this work have been analysed by using a modelling 
environment based on the TRNSYS tool [7]. Simulation results are therefore used for: i) 
understanding the building behavior; ii) calculating system performance; iii) analyzing and 
comparing the different retrofit solutions; iv) estimating the operating costs. The outputs of this 
analysis can be used by the decision makers or by the building manager. 

The advantages to use a modular modelling environment during the retrofit process can be 
summarized as follows: 

• Modelling of complex models like hybrid systems; 

• Support on the HVAC system components sizing; 

• Optimization of control strategies before the implementation on the real systems; 

• Reliable assessment of energy savings;  

• Support on strategies definition for the retrofit financing; 

• Support in defining the monitoring layout and equipment;    

• Benchmark creation for facility manager and for operation and maintenance (O&M). 

 

The modelling of the retrofit packages is developed through different levels, depending on how 
the control system is structured. Generally, it could be individuated a sub-system level 
referred to the building model, dwelling Heating and Cooling (H&C) system, Domestic Hot 
Water (DHW) system or the solar circuit. A system level could be instead referred to the 
overall building control where information from the single sub-systems is needed for the 
concertation of the whole system (see Figure 36). 

In general, the building model is firstly created based on the energy audit. After a monitoring 
period, measured data is used to calibrate the model adjusting the most influencing 
parameters: set point temperatures, infiltration / windows opening ratios, neighbour’s 
temperature, external surfaces thermal characteristics, etc. For more details, consult [8]. 
Similar process is followed for the HVAC system: in the modelling environment, each energy 
plant component is modelled; if available, measured values are used for setting the 
characteristic parameters, otherwise data specified in the manufacturer datasheet are used. 
Once each component is modelled, they are gathered together, and control strategies are 
implemented. 
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Figure 36 – Levels of the  HVAC system modelling 

The control system is a part of the modelling environment and it is organized in such a way 
that it can be directly implemented in a Building Management System. While the low-level 
control is needed for regulating the functioning of each sub-system, the higher control 
establishes working modes and priorities taking into account the system as a whole.  

In all the levels, the control strategies are organized with the same structure (see Figure 37):  

1. Hysteresis: these are the conditions to be verified (achievement of a set temperature, level 
of solar radiation, DHW demand…). They are Boolean values and can be either hysteresis 
(i.e. on-off controls depending on the history of the variable status) or schedules. 

2. Schemes: these correspond to the working conditions and are the combination of one or 
more hysteresis. A scheme represents a working mode that activates some components. 
Schemes are also Boolean values. 

3. Modulations: these define intermediate states of valves opening, pumps or fans speed. 
Modulations are referred to a specific scheme / working condition; 

4. Control signals: these are the combination of schemes and modulations. In particular, a 
control signal is defined by one or more schemes; where required, a scheme can be 
coupled with a modulation. 

 

 

Figure 37 – Structure of the Control strategies 
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3.2 Zaragoza demo case model 

3.2.1 Building energy model 

Energy models of buildings with several apartments could be time consuming and requiring 
high computational effort. Due to the geometry of the building, with balconies, overhangs and 
façade recesses, the four floors needed to be all modelled. However, the layout allows to study 
representative apartments and assume the others having a similar behaviour.  

Figure 38 shows the first floor of the building, as developed into the simulation model: 
apartments in the central area are modeled as a unique zone, while the two extreme blocks 
composed by three apartments each are modeled with two zones for the north and south sides, 
and a unique zone for the in-between apartment. Ground, second and third floor are modelled 
with the same approach. Figure 39 and Figure 40 show the 3D model of the south and north 
façade. 

 

Figure 38 – Plan of first floor and indication of the modelling simplification 

 

Figure 39 – 3D model - view of the North façade 

 

Figure 40 – 3D model - view of the South façade 

 

A nomenclature is used in the following for referring to the different apartments. Figure 41 
describes how the apartments are named. Apartments coloured in yellow are used as 
representative of the other dwellings in order to simplify the modelling phase. 
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Figure 41 - Scheme of the building model. The yellow apartments have been simulated 

3.2.1.1 Boundary conditions 

For the pre-retrofit case, building geometry and walls construction are modelled as described 
in section 2.1.2. 

An average year hourly-based climate conditions is used as weather profile for the Zaragoza 
location that includes air temperature, relative humidity and solar radiation [6]. Table 12 reports 
the maximum monthly solar radiation value and the average monthly external temperature. 

Table 12 – External weather conditions for building simulations in Zaragoza  

MONTH Max Solar 
Radiation 

Average 
external 
temperature 

MONTH Max Solar 
Radiation 

Average 
external 
temperature 

 [W/m²] [°C]  [W/m²] [°C] 

January 533 6.2 July 1012 24.9 

February 710 7.9 August 949 24.5 

March 865 11.4 September 875 20.1 

April 902 13.6 October 727 16.2 

May 973 18.2 November 538 10.0 

June 1018 22.9 December 450 6.2 

 

Internal gains are accounted as contribution due to people occupancy, lighting and appliances 
use. In a multi-family house, due to the non-simultaneous behaviour of tenants, the profiles of 
occupancy, appliances and lighting are defined with stochastic trends [12]. For the appliances, 
current yearly overall consumption has been calculated on the basis of electric bills of the demo 
case. Peak values for internal gains, set-point temperatures in winter and summer, infiltration 
and ventilation rates assumed for the simulations are summarized in Table 13. 

Table 13 – Boundary conditions for the building model 

Occupancy  Value 

Number of people per apartment  2-4 

Sensible Heat 65 W 

Latent Heat 55 W 

Lighting  

Peak sensible heat 11 W/m² 

F3_1 F3_3 F3_4 F3_7 F3_9 F3_10

F2_1 F2_3 F2_4 F2_7 F2_9 F2_10

F1_1 F1_3 F1_4 F1_7 F1_9 F1_10

FG_1 FG_3 FG_4 FG_4 FG_5 FG_5 FG_6 FG_6

C B A C B A C B A C B A C B A

n 12 n 14 n 16 n 18 n 20

F3_6

F3_6

F1_6
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Infiltration and ventilation  

Infiltration flow rate  0.10 vol/h 

Natural Ventilation flow rate (pre-retrofit) 0.3 vo/h  

Mechanical ventilation flow rate (post retrofit) 100 – 400 m³/hr 

Set temperatures  

Season for space heating 1st Oct - 30th Apr 

Heating set temperature pre-retrofit 20; 20-18; 18-17°C 

Cooling set temperature pre-retrofit None 

Schedule space heating 0-24 h 

Heating set temperature post-retrofit 20°C 

Cooling set temperature post-retrofit 25°C 

Schedule H&C post-retrofit 0-24 h 

3.2.2 HVAC system model 

As described in section 2.1.3, each apartment is served by an Elfo Pack unit which provides 
space heating and cooling through mechanical ventilation, and also covers DHW demand. 

The behaviour of the Elfo Pack has been modelled with a simplified approach based on the 
available monitored measures and energy analysis to be performed. The model is based on 
energy fluxes for assessing the system consumption and performance, and for investigating 
the interaction of the Elfo Pack with the PV production. Figure 42 shows on the left the Elfo 
Pack internal circuits and on the right the simplified version based on energy fluxes. The two 
in-series tanks are modelled as a unique storage that has same diameter but double height of 
each tank (see Figure 43). This simplification guarantees the temperature stratification and 
simplifies the modelling of the interaction between the two storages. Double ports and sensors 
position are maintained with the same relative position as in the Elfo Pack.  

 

Figure 42 – Simplification adopted for the modelling of the ElfoPack 

Position of double ports and sensors are indicated in Figure 43 in blue as referred to the total 
storage height, while in grey as the relative height of each tank. T_DHW represents the outlet 
of hot water to the user; T_TAP is instead cold water from the tap. TH2 and TH1 are the inlet 
and outlet to the storage coming from the heat exchanger with the compressor. R_El 
represents the electric resistance, while TACS1 and TACS2 are the temperature sensors in 
the two tanks: TACS2 is the one of the “cold tank” and is used for controlling the tanks charging. 
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Figure 43 – Zaragoza: Modelling of the two internal tanks of the Elfo Pack 

 

The Elfo Pack works as a mechanical ventilation unit together with a heat pump and a DHW 
production device. The machine provides mechanical ventilation blowing 100 m³/h of fresh air. 
When the internal zone needs to be heated up or cooled down, supply air is mixed with 300 
m³/h of internal air and is treated in order to maintain the desired internal temperature. 
Moreover, the Elfo Pack can cover DHW load by the use of two tanks. During summertime, 
heat recovery from space cooling is used for DHW uses. An overproduction of PV energy is 
exploited for heating up the tanks through an electric resistance. 

In heating mode, the heat pump uses part of the produced thermal power for charging the 
DHW tanks through a heat exchanger. The two tanks are used in order to foster stratification. 
For the same reason, when there is a demand from the user, the tanks are not charged. The 
other part of the thermal energy is used through the coil for warming up supply air. Air is pre-
heated by mixing recirculation with fresh air. The source side of the heat pump is another coil 
that exchanges with exhaust air (see Figure 44).  

In case heating demand is high and requires the whole heat pump capacity, heating mode only 
is used and, in case of also DHW demand, an electric resistance is switched on (Figure 45 
left). In all those situations where there is DHW demand only, the whole heat pump capacity is 
used through the heat exchanger (Figure 45 right).  

In cooling mode, heat pump cools down supply air that is the mix between fresh air and 
recirculation air while the exhaust coil is used as sink for the cooling production (Figure 46 left).  

If during space cooling demand the sensor TACS2 reads a temperature lower than a setpoint, 
heat from the compressor is firstly recovered for heating up the DHW tanks and secondly 
removed through the exhaust coil (Figure 46 right). 
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Figure 44 – Working scheme of the Elfo Pack for space heating + DHW production 

 

  

Figure 45 - Working scheme of the Elfo Pack for space heating only (left) and DHW production (right) 

 

   

Figure 46 - Working scheme of the Elfo Pack for space cooling only (left) and space cooling + DHW 
production (right) 
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An additional working mode is represented by the possibility to cool down the zone with free 
cooling. In case the zone temperature is increasing and external air is lower than internal one, 
it is possible to supply a higher flux of fresh air (200 m³/h) avoiding to switch on the heat pump 
compressor (Figure 47). 

On the East and West façade and on the South exposed roof, it is installed a PV system for 
running each Elfo Pack. The 16 panels on each vertical façade provide electricity to the two 
external apartments on the first and second floors; all the other apartments are connected to 
5 panels each placed on the roof. 

Thanks to the integration of the PV inverter, PV electricity is directly used when the Elfo Pack 
is running. If there is no need of space heating or cooling and the DHW tank is below a 
maximum set point temperature, the electric resistance is switched on and PV electricity is 
used to warm up the tanks. 

The present study does not investigate any interaction between dwellings consumption neither 
optimizes the use of PV energy for running the Elfo Pack. Further studies will deepen these 
aspects. 

 

 

Figure 47 - Working scheme of the Elfo Pack for free cooling 
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3.3 Rome demo case model 

3.3.1 Building energy model 

The 3D geometry of the Rome demo building is built using Trnsys17-add on for SketchUp 
(https://trnsys.de/docs/trnsys3d/trnsys3d_uebersicht_en.htm); the physical characteristics are 
defined based on the Energy Audit [1] and briefly reported in section 2.2.1. The building model 
was simplified in order to achieve sustainable computational running hours and a manageable 
model. The most exposed and the intermediate dwellings are modelled, as shown in Figure 
48. In particular, the model has 3 staircases (instead of 5), 3 floors (first floor, fifth floor and 
eighth floor) with a total number of 18 apartments (six for each block). Each dwelling is set up 
as a unique thermal zone as only one temperature and relative humidity measures is available 
from the monitoring and because of the east-west orientation. Simulated and selected 
apartments have been chosen in order to reproduce the energy behaviour of the whole 
building. The intermediate floors, from 2 to 7, are considered having same behaviour as the 
fifth floor. Similarly, staircases B and D (Figure 15) assume same performance as staircase C. 

Figure 49 shows how the apartments are named and identifies in yellow the modelled 
apartments. 

 

  

Figure 48 – Rome: 3D model view  

 

 

Figure 49 – Rome: Schematic of the building model simplification with the modelled apartments yellow 
coloured 
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Building geometry and walls construction are modelled as indicated in the Energy Audit [1]. In 
the post-retrofit scenario, two different insulation layers have been added to the existing 
structure as specified in section 2.2.3.   

3.3.1.1 Boundary conditions 

A typical year is used as weather profile for the Rome location that includes air temperature, 
relative humidity and solar radiation [6]. Table 14 reports the maximum monthly value of solar 
radiation and the average monthly value of external temperature for the Rome location. 

Table 14 – External weather conditions for building simulations in Rome  

MONTH Max Solar 
Radiation 

Average 
external 
temperature 

MONTH Max Solar 
Radiation 

Average 
external 
temperature 

 [W/m²] [°C]  [W/m²] [°C] 

January 504 7.8 July 984 24.3 

February 593 8.3 August 927 24.6 

March 845 11.0 September 843 20.4 

April 877 13.5 October 735 17.3 

May 982 18.4 November 511 12.8 

June 977 21.8 December 425 9.3 

 

Internal gains are accounted as contribution due to the people occupancy, lighting and 
appliances use. In a multi-family house, due to the non-simultaneous behaviour of tenants, 
user profiles defined with stochastic trends are used [12]. This methodology is appropriate for 
the energy modelling of buildings with many apartments avoiding using a single profile for all 
the users. 

Peak values for internal gains, set-point temperatures in winter and summer, infiltration and 
ventilation rates assumed for the simulations are summarized in Table 15. 

Table 15 – Boundary conditions for the building model 

Occupancy  Value 

Number of people per apartment  3 

Sensible Heat 65 W 

Latent Heat 55 W 

Lighting  

Peak sensible heat 10 W/m² 

Stand-by sensible heat (min value) 2 W/m² 

Infiltration and ventilation  

Infiltration flow rate  0.15 vol/h 

Mechanical ventilation 0.4 vol/h 

Set temperatures  
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Season for space heating 31st Oct - 15th Apr 

Heating set temperature pre-retrofit 18.5 °C and 20°C 

Cooling set temperature pre-retrofit None 

Schedule space heating pre-retrofit 0-24 h 

Heating set temperature post-retrofit 20°C 

Cooling set temperature post-retrofit 25°C 

Schedule H&C post-retrofit 0-24 h 

 

3.3.2 HVAC system model and control 

In the following, the HVAC system design and control refers to one staircase as the layout is 
the same for all the staircase, unless of the south-oriented one where there is a solar thermal 
collector system. This last case is used as reference, if not specified. 

The existing centralized gas boiler is not modelled; energy heating consumption is calculated 
from the heating demand where an efficiency factor of 80% is used. The heating demand is 
calculated using an ideal heating system with unlimited heating power and fixed a winter set 
point temperature (see Table 15). 

The renovated HVAC system is modelled according to the scheme in Figure 20. The numerical 
model is developed in TRNSYS [7] where each component of the energy plant and control 
strategies have been simulated. Each staircase has its own heat pump and storage tanks for 
the DHW and H&C. In addition, the South-oriented staircase has a solar thermal field. 
Simulations were run for both staircases C (central) and E (South-oriented). 

The tanks are modelled as vertical cylinders with 10 temperature nodes, by means of the model 
Type 60 in TRNSYS. Outlet ports to the load are located at the top level (node) of the tanks, 
whereas the return inlet ports are located at the bottom. The temperature sensor in the DHW 
TES, named T DHW TES, is located at 75% of the total tank height and the one in the solar 
TES, named T SOL TES, is located at 85% of the total height, as shown in Figure 50. 

 

Figure 50 – Position of temperature sensors in the storage tanks and the relative temperature nodes. “h” 
is the total height of the tank to which the percentage is referred to. 
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Table 16 – Storage tanks characteristics 

Characteristic Units SOLAR TES DHW 
TES 

H&C BUFFER 

Volume l 1500 1000 500 

Height m 2.3 2 1 

Insulation layer mm 85 85 65 

Number of double ports - 1 2 2 

Number of internal HX - 1 0 0 

 

Each sub-system identified in Figure 20 is controlled independently. In that way, the control is 
more robust and easier to be implemented (both in the simulation and in the real application).  

The DHW distribution depends on the apartments load profiles and is not related to the 
apartments zone modelling. For this reason and for obtaining a flexible and manageable 
numerical model, three tank types have been inserted in the model for representing the 
behaviour of the 16 Pink tanks. Each tank model has the geometrical and thermal 
characteristics of a Pink tank, while DHW load and load from the heat pump is sized for 16 
dwellings. 

SOLAR CIRCUIT 

The solar circuit connects the solar thermal collectors (STC) to the solar thermal energy 
storage (TES) and it is run by a fixed speed pump PM1 (see Figure 51) whose activation is 
based on three signals from different measured variables. 

A-W 
HEAT 
PUMPPM1 PM2

PM3

PM4

V2

PM5

V1

V3_i

  

ENERBOXX

V4_i

 

Figure 51 – Solar circuit is highlighted in red 

For the solar circuit to be active the following conditions must be verified: 

• Radiation availability, that is global radiation on the vertical surface higher than 150 W/m²; 
hysteresis with value 0 when radiation below 130 W/m²; 

• Temperature at the solar TES lower than 95°C; hysteresis deadband -5/0°C; 

• Temperature difference between the STC exiting fluid and the solar TES higher than 5°C; 
hysteresis deadband -3/0°C. 

If the conditions are verified simultaneously, the circulation pump PM1 delivers the STC fluid 
to the heat exchanger of the solar TES. 
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DHW DISTRIBUTION 

The DHW production is covered by the heat pump or the solar thermal collectors that charge 
the centralized DHW TES. From this, energy is transferred to the decentralized DHW tanks. In 
case of excess of heat from the solar thermal field, the tanks of the ENERBOXX can be 
overheated up to achieve a second set point. 

The control of the domestic hot water (DHW) distribution is therefore based on two signals at 
staircase level (𝑆𝑜𝑙𝑎𝑟 and 𝑂𝑣𝑒𝑟ℎ𝑒𝑎𝑡𝑖𝑛𝑔) plus one signal from the ENERBOXX tank of each 
apartment (𝐸𝑁𝐸𝑅𝐵𝑂𝑋𝑋𝑖  𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔). The signals can be interpreted as follows: 

• 𝑺𝒐𝒍𝒂𝒓: the solar TES is warmer than DHW TES; 

• 𝑬𝑵𝑬𝑹𝑩𝑶𝑿𝑿 𝑶𝒗𝒆𝒓𝒉𝒆𝒂𝒕𝒊𝒏𝒈: due to the contribution from solar collectors, the DHW tank 
has reached a temperature higher than its set-point; additional heat can be therefore used 
for overheating the tanks at dwelling level (ENERBOXX) up to the second set point; 

• 𝑬𝑵𝑬𝑹𝑩𝑶𝑿𝑿𝒊 𝑪𝒉𝒂𝒓𝒈𝒊𝒏𝒈 (one for each apartment): the tank in the ENERBOXXi (where i 
identifies the apartment) has a temperature below the set-point, 45°C, and it needs to be 
heated. Therefore, the three-way valve belonging to this ENERBOXX at dwelling level is 
open (water delivered to the ENERBOXX ).  

An additional condition (𝑫𝑯𝑾_𝑫𝒊𝒔𝒕𝒓𝒊𝒃𝒖𝒕𝒊𝒐𝒏) is verified if the condition 𝐸𝑁𝐸𝑅𝐵𝑂𝑋𝑋𝑖 𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔  
is verified for at least one of the apartments. 

Depending on the conditions 𝐷𝐻𝑊_𝐷𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 and 𝑆𝑜𝑙𝑎𝑟, one of the four cases in Figure 52 
occurs. The condition 𝐸𝑁𝐸𝑅𝐵𝑂𝑋𝑋𝑖  𝑂𝑣𝑒𝑟ℎ𝑒𝑎𝑡𝑖𝑛𝑔 activates same pumps and valves as 

condition 𝐸𝑁𝐸𝑅𝐵𝑂𝑋𝑋𝑖  𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔. Pump PM2 and valves V1 and V2 are therefore controlled 
accordingly. The pump can modulate the flow rate depending on the number of ENERBOXX 
that need to be charged. 
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𝑺𝒐𝒍𝒂𝒓 𝑨𝑵𝑫 𝑫𝒊𝒔𝒕𝒓𝒊𝒃𝒖𝒕𝒊𝒐𝒏 

The solar TES is warmer than the DHW TES, and at 
least in one apartment the ENERBOXX valve is open 

𝑁𝑂𝑇(𝑺𝒐𝒍𝒂𝒓) 𝐴𝑁𝐷 𝑫𝒊𝒔𝒕𝒓𝒊𝒃𝒖𝒕𝒊𝒐𝒏 

The solar TES is not warmer than the DHW TES, and at 
least in one apartment the ENERBOXX valve is open 

  

𝑺𝒐𝒍𝒂𝒓 𝐴𝑁𝐷 𝑁𝑂𝑇(𝑫𝒊𝒔𝒕𝒓𝒊𝒃𝒖𝒕𝒊𝒐𝒏) 

The solar TES is warmer than the DHW TES, and the 
ENERBOXX valves are closed in all the apartments 

𝑁𝑂𝑇(𝑺𝒐𝒍𝒂𝒓 ) 𝐴𝑁𝐷 𝑁𝑂𝑇(𝑫𝒊𝒔𝒕𝒓𝒊𝒃𝒖𝒕𝒊𝒐𝒏) 

The solar TES is not warmer than the DHW TES and the 
ENERBOXX valves are closed in all the apartments. No 

flow circulating. 

Figure 52 – DHW distribution schemes. Schemes are boolean variables; at every timestep, one and only 
one of the four schemes has to be active (i.e., equal to 1).  

 

HP GENERATION SYSTEM 

The control of the HP is based on the signals from the sensors in the DHW TES and the HC 
buffer, which communicate whether the tanks setpoints are satisfied or not. For the HC buffer, 
the signals 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 and 𝐻𝑒𝑎𝑡𝑖𝑛𝑔 identify the actual need to heat or cool the HC buffer: 

• 𝑪𝒐𝒐𝒍𝒊𝒏𝒈: the HP is set to summer mode and the buffer summer setpoint is not satisfied 

• 𝑯𝒆𝒂𝒕𝒊𝒏𝒈: the HP is set to winter mode and the buffer winter setpoint is not satisfied 

PM2

V2

V1

V3_i

ENERBOXX

SOL TES DHW TES
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Due to the distribution system with fan coils, the buffer summer setpoint is fixed to 10-15°C, 
whereas the winter setpoint is defined with a climatic curve as a function of the outdoor 
temperature (see Figure 53). Supply temperature at the HP load side varies between 30 and 
35°C when external temperature is between 15 and 0°C. The priority of the heat pump is 
always to cover the need for DHW, which depends on the DHW TES temperature. This 
temperature must always be higher than a set point fixed at 45-50°C. more details on the 
control parameters are given in the next paragraph. 

 

Figure 53 – Climatic curve for space heating buffer set point 

For the Rome demo case during summer, the selected heat pump (HP) is able to recover 
operation waste heat for the DHW production. For this reason, the control system also includes 
an operation mode (or scheme) in which the evaporator side absorbs heat from the water for 
space cooling and the condenser side transfers heat to the DHW. This operation is allowed 
only when the DHW set point is already satisfied, up to the HP operational limit temperature at 
the evaporator, in this case 52°C.  

In general, the different hydronic schemes involving the HP can be outlined as follows: 

 

A W
DHW TES HC 

buffer

 

A W
DHW TES HC 

buffer

 

Heating or Cooling (air to water) DHW production (air to water) 

W W
DHW TES HC 

buffer

 

A W
DHW TES HC 

buffer

 

DHW heat recovery and cooling (water to water) HP not working 

Figure 54 - HP operational schemes. At every timestep, one and only one of the four schemes is active. 

Pumps and valves are controlled accordingly. 

The HP works for maintaining the temperature in the DHW TES and in the HC buffer at the set 
point temperatures. The control of the HP is determined by the water circulation in the 
source/sink and load circuits that depend on the pumps and the three-way valves position.  



 

 

www.BuildHeat.eu  Page 44 of 111 

3.3.3 Parameters tuning  

Once the overall operation of the system has been defined, system parameters (such as set 
point temperatures and hysteresis dead band limits) are adjusted by means of a parametric 
analysis, with the purpose to improve the system behaviour in terms of heat pump efficiency 
and energy consumption. The HP size has also been investigated. The initial HP capacity is 
set to 35% more of the heating peak load of the building (space heating + DHW) as it is the 
dominant load. From this (100%), other two sizes, 80% and 60% where studied. Nominal 
power of the initial HP size is 84 kW in heating and 80 kW in cooling; 80% case corresponds 
to a nominal heating power of 67 kW and 60% of 50 kW. 

HP SIZE 

Reducing the HP size does not lead to an appreciable energy saving in the simulation scenario. 
This is because inverter-driven heat pumps, even if oversized, are capable to adapt their 
capacity to the demand. The benefit of a correctly sized heat pump, however, is mainly in the 
improved operation and in the investment costs. The average number of on-off cycles in a day 
is reduced from 28 to 21 with the 80% sized HP, while it is reduced to 15 with the 60% sized 
HP (Figure 55). However, lowering the heat pump size, without any back-up heater, can lead 
to occupant’s discomfort for some hours of the year. The dynamic simulation has shown that 
with a 60% size, the weighted discomfort time (WDT) (definition in section 4.2) is 3.2 hK, which 
is considered not acceptable as it indicates 3 hours of 1°C below the setpoint or 1 hour with 
3°C below the setpoint. Ultimately, a HP sized at 80% of the capacity considered in the original 
project has been selected as more suitable for the need of the building, as it showed a WDT 
of 0.6 hK, and an improved operation with respect to the 84 kW HP heating capacity.  

 

Figure 55 – Impact of the HP size on the energy consumption, the discomfort time, and the number on 
ON-OFF switches of the HP 

SET POINTS AND HYSTERESIS DEAD BANDS 

The definition of the set point and hysteresis parameters can influence the overall system 
performance. For this reason, a parametric analysis has been conducted for tuning the control 
rules parameters in order to reduce the HVAC system electric consumption and improve the 
HP working operation. 

Different combinations of parameters (set points and their relative hysteresis dead bands) were 
analysed and simulation results compared. The selection of the parameters ranges is limited 
due to some constrains. For instance, the hysteresis dead band of the Enerboxx tank must be 
large enough to avoid frequent charging, and small enough to do not exceed the DHW storage 
setpoint (from which it is charged). In Table 17, the studied cases and related parameters 
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values are summarised. The changed values per case are coloured in light blue and the 
selected case is highlighted in green. 

Table 17 – Variations to the system parameters with respect to the baseline case (REF).  

 
 

ENERBOXX DHW TES 
basic 

DHW TES heat 
recovery 

DHW TES 
overheat 

Climatic curve 
max 

  lower upper lower upper lower upper lower upper lower upper 

 REF case 45 48 48 52 50 52 50 53 35 40 

HEATING 
case a  

45 48 48 52 50 52 50 53 31 36 

45 48 48 52 50 52 50 53 33 38 

45 48 48 52 50 52 50 53 35 42 

45 48 48 52 50 52 50 53 39 44 

case b 45 48 48 52 50 52 50 53 35 39 

DHW 

case c 45 48 48 52 51 52 50 53 35 40 

case c’ 45 48 47 51 51 52 50 53 35 40 

case d 46 49 48 52 50 52 50 53 35 40 

case e 45 49 48 52 50 52 50 53 35 40 

case f 45 48 48 51 50 52 50 53 35 40 

case f’ 45 48 47 51 50 52 50 53 35 40 

case g 45 48 48 51 51 52 50 53 35 40 

 case h 45 48 48 52 50 52 50 54 35 40 

 

 

Figure 56 – Case a (Table 17) – variations of the climatic curve for the heating buffer set point. 

Regarding space heating, different climatic curves were used to understand the one that 
corresponds to lower energy consumption maintaining internal comfort. The studied variations 
are shown in Figure 56 where the red dashed line represents the reference set. Looking at 
electric energy use and number of on-off for the different climatic curves, Figure 57 shows that 
higher set points lead to a slight increase of consumption due to the HP performance, whereas 
lower set points lead to a slight increase of consumption due to a longer circulation pumps use 
(case a). With respect to the other cases presented in Table 17, by reducing the dead band of 
the HC buffer from 5°C to 4°C (case b), a minor energy saving is noticed. In this case the 
average number of HP on-off switches per day increases. For this reason, this option is 
discarded. Therefore, with respect to the heating setpoint, the reference case is maintained, 
as the changes do not improve the system operation (Figure 57). 
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The HP average number of cycles per day results to be around 20-24 per day that, if we 
consider that the HP is used for covering the heating load and a small buffer, can be assumed 
to be acceptable.  

 

Figure 57 – Variations of the climatic curve slope (case a) and of the hysteresis dead band in the heating 
buffer (case b): impact on the electric consumption and on the HP operation. 

Regarding the DHW, among the cases described in Table 17, case g results to be the optimal 
one among the presented cases, since it leads to a slight reduction of electric energy use (-
3%) while limiting the average number of charging per day of the ENERBOXX storage (Figure 
58). The weighted discomfort time (WDT) is also shown, since the priority of the DHW 
production could affect space heating. 

 

Figure 58 – Variations of DHW parameters: impact on the electric consumption and on the ENERBOXX 
average charging per day. 
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Following the results obtained in the analysis for the parameters used for space heating and 
DHW production, the final set of parameters is listed in Table 18. 

Table 18 – Final set of parameters resulting from the fine tuning 

HP size (nominal heating capacity – nominal cooling capacity) 67 kW – 64 kW 

Buffer set point for heating climatic curve at Text = 0°C (lower limit – 
upper limit) 

35°C - 40°C 

DHW TES basic set point (lower limit- upper limit) 47°C – 50°C 

DHW TES heat recovery activation hysteresis (lower limit- upper limit) 51°C – 52°C 

ENERBOXX tank set point (lower limit- upper limit) 45°C – 48°C 

 

The combined investigation on the system parameters and the HP size has led to a final retrofit 
scenario. With respect to the first settings of the retrofit solution, the total energy consumption 
is further reduced (albeit slightly), the DHW heat recovery in cooling mode is increased, and 
the system operation is improved (less HP on-off switches and less ENERBOXX charging per 
day). Details on the HVAC system performance are reported in section 4.5. 
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3.4 Manchester demo case model 

The modelling of the Manchester demo case is divided in two main parts: building energy 
model and HVAC model. For the building, two models, before and after retrofit are developed, 
while for the HVAC system, a model is created for the post-retrofit. Energy consumption before 
intervention are estimated from the energy demand applying systems’ efficiency. For more 
details, see also [2]. 

In the following paragraphs, the modelling process for the two parts is described. In section 4 
instead, performance of each system is reported. 

3.4.1 Building 

As shown in section 0, the building has a simple geometry. The 17 floors are all identical, 
except for the basement where there is a plant room, security office, and another office. 
Boundary conditions are also identical for the different floors, except for the larger external 
surface of the top floor and of the ground floor (whose ceiling and floor, respectively, are not 
adjacent to other heated zones). As visible in Figure 24, there are no other tall buildings close 
to the Albion Tower, so that the shading is not considered. The building itself has no shading 
ledges. 

Based on these considerations, the geometric model (Figure 59) includes: floor n. 0 (ground 
floor), floor n. 8 (being representative of the typical intermediate floor ), and floor n. 17 (top 
floor). As the simplification of assuming one intermediate floor identical to other 15 would bring 
a non-realistic peak power profile, a methodology for considering different apartments use and 
simultaneity of the loads is developed and further presented. 

 

Figure 59 – 3d model view (Trnsys17 add on for Sketch Up) 

3.4.1.1 Boundary conditions 

A typical year is used as weather profile for the Manchester location. Input data include air 
temperature, relative humidity and solar radiation [6]. Table 19 reports the maximum monthly 
solar radiation value and the average monthly external temperature. 
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Table 19 – External weather conditions for building simulations in Manchester 

MONTH Max Solar 
Radiation 

Average 
external 
temperature 

MONTH Max Solar 
Radiation 

Average 
external 
temperature 

 [W/m²] [°C]  [W/m²] [°C] 

January 280 5.2 July 960 16.9 

February 404 4.5 August 758 16.8 

March 584 6.9 September 608 13.9 

April 837 8.8 October 540 11.2 

May 869 12.6 November 325 7.2 

June 984 14.6 December 212 5.0 

 

Internal thermal gains account for people metabolic heat, appliances and lighting. Different 
profiles of people activity are used, due to the non-simultaneous behaviour of tenants. The 
profiles of occupancy are stochastic [12] and consist of time series of hourly values denoting 
whether people are active, sleeping, or away. Also, depending on the analysis and apartment 
size, the apartments can have a different number of people, which ranges from 1 to 4. 
Appliances and lighting are defined according to the people presence. A continuous constant 
gain is due to appliances (for example stand-by or fridge) and others, including lighting, is 
related to occupants’ activity, which is zero when people are away or sleeping. 

Table 20 – Internal gain for the Salford demo case 

 Power convective radiant latent 

Occupants - standing, relaxed 126 W/person  42% 18% 40% 

Occupants - sleeping 76 W/person  42% 18% 40% 

Appliances continuous 105 W 90% 10% - 

Appliances and lighting (when people 
active) 

508 W 90% 10% - 

 

Three occupancy scenarios are identified, in order to provide a reasonable level of variability 
in the simulations of the various floors (which comprises 6 apartments each), and consequently 
of the whole building. The variability of heating loads is due to both the different occupancy 
scenarios and the different exposures. Each of the six apartments in a floor is simulated with 
three occupancy scenarios (low, medium, full, as shown in Table 15). Therefore, a mid-floor 
can be composed, in principle, in 36 different ways, applying randomly the three occupancy 
scenarios to each of the six apartments. However, a probability is assigned to the occupancy 
scenarios: the low occupancy and the full occupancy scenarios are assumed to occur in 4 of 
the 17 floors, whereas the average occupancy scenario is assumed to occur 9 over 17 floors. 
Exception is made for the top floor and the ground floor, which are simulated apart with an 
average occupancy profile. 
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Table 21 – Occupancy scenarios 

 People per 
floor 

People in 1-
bedroom flats 

People in the 2-
bedrooms flats 

Profile number** 

Low occupancy 10 1 2 1,10,14,16,18,19 

Average occupancy 15 1.5* 3 2,3,4,5,6,8,11,13 

Full occupancy 20 2 4 7,9,12,15,17,20 

* this can be assumed to be equivalent to an adult and a child 

** see Figure 60   

 

 

Figure 60 – Annual integral of the internal gain profiles due to people activity 

The decision of considering the share between full, mid and low occupancy comes from the 
following analysis where space heating profile is considered together with DHW profile as the 
heat pumps works for covering both loads. Two combinations of reference loads are compared: 

• 3 floors combination 

4*low occupancy + 4*full occupancy + 9*average occupancy 

 

• 5 floors combination 

4*low occupancy + 4*full occupancy + 3*average occupancy(a) +3*average occupancy(b) 
+3*average occupancy(c) 

 

where a, b, and c are three different combinations of average occupancy and DHW tapping 
profiles among the possible ones. The difference lies slightly on peak powers but especially 
on the peaks distribution. 

Figure 61 shows the results for both approaches. Despite the difference is small, it is interesting 
to notice how, by increasing the variability of the load profiles, i.e. by reducing their 
contemporaneity, the curves (solid) tend to be flatter, meaning that, on average, the system 
works more at lower power loads. The 3 floors combination is further used because presents 
the slightly higher peaks power and therefore is the most unfavourable condition. The level of 
contemporaneity is a parameter that would require to be investigated.  
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Figure 61 – Thermal power distribution curves for the building with different levels of load 
contemporaneity 

The three reference simulated scenarios plus ground and roof floors are reported in the Figure 
62. Top and ground floors do not vary, while each apartment of the in-between floors assumes 
one of the three occupancy scenarios. The combination of apartments in each floor is different 
from the others. The resulting building heating demand distribution along the different floors is 
shown in Figure 105 for the pre-retrofit case and Figure 106 for the post-retrofit case. 

Figure 63 shows the apartments numbering adopted in Figure 62 and in the following.  

 

apartment number → 1 2 3 4 5 6 

full occupancy mid 50.5 57.4 43.3 49.4 48.3 51.2 

low occupancy mid 56.1 62.9 46.4 52.9 52.8 56.3 

average occupancy mid 52.3 60.5 44.1 51.9 51.2 53.9 

average occupancy top 74.0 81.0 63.6 70.2 71.3 74.1 

average occup. ground 55.4 62.7   52.0 55.7 

 
Figure 62 – Heating demand of the Reference simulated apartments obtained from dynamic simulation in 

the pre-intervention scenario  

 

Figure 63 – Apartments number in relation with their exposure, for reference in this report.  
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The variability of heating demand and peak power introduced for the modelling of a high-rise 
building aimed at reducing the computation effort by guaranteeing reliable energy performance 
assessment. A deeper analysis on the different profile occupancy and apartment exposition is 
reported here after. 

Figure 64 shows the average heating demand per floor for the 17 floors. The dotted green line 
represents the average heating demand of a floor with all the dwellings with full occupancy, 
while the dotted blue line represents a floor with the dwellings with low occupancy. The top 
floor has higher heating demand due to the transmittance through the roof. 

 

Figure 64 – Average heating demand of the floors obtained by combining different occupancy scenarios. 

The power frequency distribution is slightly influenced by the occupancy scenarios, as it can 
be deduced from Figure 65 The maximum heating peak power per floor typology (top, ground 
or intermediate), is similar for the combination with full and with low occupancy. However, 
besides the maximum value that occurs less than 1% of the total operating hours, the two 
extreme scenarios differ of around 0.5 kW peak per floor.  

 

Figure 65 – Hourly heating power frequency distribution for the different floors typology and for the full 
and low occupancy scenarios. 

Looking at the whole building peak power, the difference between the two scenarios amounts 
to few kW that makes the assumption on the occupancy profile acceptable. The maximum 
peak power for heating required by the building amounts to around 140-150 kW (Figure 66). 
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Figure 66 – Building hourly heating power frequency distribution for the full and the low occupancy 
scenarios. 

For a complete overview of the apartments heating demand profile, it has been analysed the 
influence of solar gain too. The most and the least demanding apartments are compared (see 
Table 22). The apartment exposure implies a different contribution from solar gains. The 
highest heating demand occurs in the North-oriented apartment of the top floor with low 
occupancy, and it is almost double than the heating demand of the South oriented apartment 
of a mid-floor with full occupancy. The power frequency distributions of the four cases of Table 
22 are shown in Figure 67. The peak power is similar in the four cases, but the gap between 
the curves and the number of heating hours increases for higher power demands. It is worth 
to underline that in the simulation no shading devices have been modelled, either external or 
internal as the building is located in a northern climate and they are usually not used. 

Table 22 – Heating demand of the North-oriented apartment of the top floor and the South oriented 
apartment of a mid-floor, with low and full occupancy. 

Apartment Low occupancy scenario Full occupancy scenario 

top floor

 

48.1 kWh/m2 41.7 kWh/m2 

mid floor

 

29.2 kWh/m2 24.8 kWh/m2 
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Figure 67 – Apartments ideal heating power frequency distribution. The curve is obtained by sorting the 
hourly power values of a one-year simulation. 

3.4.2 HVAC system 

3.4.2.1 Dwelling level 

Space heating (SH) and domestic hot water (DHW) system at dwelling level is developed in 
TRNSYS [7]. Each apartment has 6 radiators. The different sizes of radiators installed are 
modelled with an average sized radiator (which size is different for the two apartments types). 
The emission power is multiplied by 6 in order to maintain the total power installed in each 
apartment. Considering a supply flow temperature of 45°C (which is the maximum set 
temperature of the climatic curve), the total installed power obtained from the technical 
datasheet is in Table 8. This power seems to be oversized with respect to the design heating 
thermal demand of the apartments, which is about 1.6-1.8 kW. 

Table 23 – Installed emission power of radiators 

 W W/m2 kW/apartment 

1-bedroom apartments 4200 75 3.84 

2-bedroom apartments 4471 56 4.40 

 

The 120 l DHW storage with internal heat exchanger is modelled by following the detailed 
specifications of the manufacturer (see Figure 25). Since the cylinder is quite small, a low 
number of nodes (volume layers) is sufficient to model the internal temperature stratification, 
in particular 5 nodes are used. The thermostat TDHW is located at 70% of the total height, as 
indicated in Figure 68. 

 

Figure 68 – Position of the temperature sensor in the DHW storage 
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Figure 69 – Scheme of the system at dwelling level 

In Figure 69, a simplified scheme of the system model at dwelling level is shown. The brine-
to-water (B/W) heat pump supplies alternatively the radiators or the DHW storage. 

The control strategy at dwelling level therefore regulates the heat pump functioning, the pump 
and the three-way valve for switching from space heating to DHW and vice versa. The heat 
pump is regulated by two operation schemes: DHW tank charging or space heating. The first 
operation mode, named 𝑆𝐶_𝐷𝐻𝑊, indicates that the temperature inside the storage is below a 
set point and therefore needs to be charged. The operation scheme for space heating, named 
𝑆𝐶_𝐻𝐸𝐴𝑇𝐼𝑁𝐺, refers to the warming up of the apartment. As the priority is given to the DHW 
production, 𝑆𝐶_𝐻𝐸𝐴𝑇𝐼𝑁𝐺 is verified only if the DHW tank is charged. The two working modes 
are regulated by the value indicated by the DHW tank sensor and the ambient temperature. 
The setpoints and the relative hysteresis dead bands are reported in Table 24. 

Table 24 – Parameters for the Salford demo case control rules 

Sensor Setpoint Hysteresis 
dead band 

DHW temperature (70% of the tank height) 45°C 0°C / +3°C 

Ambient air temperature 20°C ±0.25°C 

3.4.2.2 Building level 

The 14 bore holes field is simulated in TRNSYS by means of Type 952. A spacing of 6 m was 
estimated based on the available documentation Figure 27. Other technical information about 
ground heat exchanger are taken from [11] or [10] which indicate values for pipe materials and 
boreholes filling (Table 25).  

Table 25 – Geothermal boreholes geometrical characteristics 

Geometrical referenced variables Unit Value 

Spacing between adjacent boreholes [m] 6 

Outer radius of U-tubes [m] 0.03 

Pipe thickness [m] 0.0037 

Distance between upward and downward tubes in the borehole  [m] 0.05-0.07 

Borehole diameter [m] 0.15 

Borehole deep [m] 183 

B/W
 HEAT PUMP

PUMP

RADIATORS

DHW 
120L
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Due to the complexity of simulating the entire building at once coupled with the bore field, and 
at the same time the need to model the dynamic interaction between the two systems, it was 
decided to perform separated iterative simulations.  

A first round of dynamic simulations of the single apartments is run with a temperature of the 
brine loop determined as 

 𝑇𝑏𝑟𝑖𝑛𝑒 = 0.2 ∗ 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 + 0.8 ∗ 𝑇𝑑𝑒𝑒𝑝 𝑔𝑟𝑜𝑢𝑛𝑑 − ∆𝑇,  

where 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 is the temperature of the superficial layer of the ground (20 m) and varies during 

the year, 𝑇𝑑𝑒𝑒𝑝 𝑔𝑟𝑜𝑢𝑛𝑑 is the temperature of the deep layers of the ground, and it is assumed 

constant, and ∆𝑇 is set to 3°C. 

This temperature is given as an input to the apartment system, which subtracts its source-side 
power for heating and domestic hot water. The whole building power demand at source side 
is therefore given as an input to a second-attempt simulation of the bore field, which returns 
the temperature of the brine from the ground. This second temperature profile is given, in turn, 
as an input to the building model. The second-attempt simulations set of the building can be 
considered a good approximation, since the KPI differences with the first-attempt simulations 
is limited.  

Figure 70 shows the temperature profiles of the brine raising from the ground. The blue profile 
shows a slight decrease of temperature at the end of the year, meaning that the bore holes 
are not properly designed for the required load. This behavior can be studied more in detail by 
calibrating the model parameters through monitored data. 

 

Figure 70 – First attempt modelling of the temperature of the brine raising from the ground (red dotted 
line) and brine temperature from the bore field model in the second attempt simulation 
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3.5 Pinerolo demo case model 

3.5.1 Building 

The building model is developed in Sketchup, with the Trnsys3D plug-in 
(https://trnsys.de/docs/trnsys3d/trnsys3d_uebersicht_en.htm). The apartments are considered 
as single thermal zones. The main shading elements (i.e. roof pitches, balconies, the building 
nearby and the hillside) are also modelled. Figure 71 shows two views of the building model 
while Table 26 summarizes exposure and area of each apartment. 

 

        

Figure 71 – Geometric model of the Pinerolo demo case building from two perspectives (South, on the left 
and North-East, on the right). 

 

Table 26 – Exposure and floor area for each dwelling of the Pinerolo building 

Apartment 
num. 

Floor Exposure Floor 
area 
(m2) 

Apartment 
num. 

Floor Exposure Floor 
area 
(m2) 

1 0 N 51 6 2 N 75 

2 0 S-E-N 87 7 2 S-E-N 105 

3 1 N 75 8 2 E-S-W 126 

4 1 S-E-N 105 9 3 N-W 92 

5 1 E-S-W 99 10 3 E-S-W 90 

 

3.5.1.1 Boundary conditions 

For the climatic boundary conditions, a typical meteorological year for the location of Turin is 
used. The weather profile is hourly based, and it includes air temperature, relative humidity 
and solar radiation [3]. Table 27 reports the maximum monthly solar radiation value and the 
average monthly external temperature. 
 
 
 
 
 
 

https://trnsys.de/docs/trnsys3d/trnsys3d_uebersicht_en.htm
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Table 27 – External weather conditions for building simulations in Pinerolo 

MONTH Max Solar 
Radiation 

Average 
external 
temperature 

MONTH Max Solar 
Radiation 

Average 
external 
temperature 

 [W/m²] [°C]  [W/m²] [°C] 

January 441 1.8 July 957 23.7 

February 565 3.9 August 932 23.0 

March 712 9.1 September 810 17.6 

April 850 12.0 October 661 13.7 

May 944 17.7 November 483 7.1 

June 1047 21.1 December 367 2.9 

 

Different profiles of people activity are used, due to the non-simultaneous behaviour of tenants. 
The profiles of occupancy are stochastic and consist of time series of hourly values denoting 
whether people are active, sleeping, or away. Also, depending on the apartment size and 
number of bedrooms, the apartments can have a different number of people, which ranges 
from 2 to 4. Appliances and lighting are defined according to the people activity, and it is zero 
when people are away or sleeping. Regardless of the people presence, a continuous constant 
gain due to appliances (for example stand-by or fridge) is also given as internal gain. Internal 
gain powers and heat transfer ratio are reported in Table 28. 

The infiltration rate is 0.10 vol/h and the mechanical ventilation rate is 0.3 vol/h, constant over 
the year. Heat recovery is applied only when it is convenient, in terms of heating or cooling 
energy saving, i.e., when external air is colder than internal air in winter, and vice versa in 
summer. 

Table 28 – Internal gain values used in the Pinerolo case model 

 Power convective radiant latent 

Occupants - standing, relaxed 126 W/person  42% 18% 40% 

Occupants - sleeping 76 W/person  42% 18% 40% 

Appliances continuous 105 W 90% 10% - 

Appliances and lighting (when people active) 508 W 90% 10% - 

 

3.5.2 HVAC system  

The thermal energy storages (TES), as well as the storages in the Enerboxxes, are modelled 
as stratified cylindrical tanks by means of TRNSYS type 60. The solar TES (SOL TES) and the 
heat pump TES (HP TES) have one inlet and one outlet. They have a volume of 300 litres 
each and are modelled with 10 volume nodes, as reported in Figure 72. The Pink storages, 
which are located within the Enerboxxes, have a volume of 140 liters, which is divided into 5 
nodes in the model. The position of the temperature sensors in the water storage models are 
shown in Figure 72. It can be noted that the Pink is modelled as a cylindrical tank for simplicity, 
despite it has a rectangular shape. A model validation has been conducted against data 
provided by the producer. Although the height of the higher sensor in the Pink (T pink t) is at 
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85% of its height, for the sake of model stability, it is located at 70% of the total Pink height. 
Although the Enerboxx is a compact device to which both the DHW and the H&C water is 
delivered, from the modelling point of view the two services can be shown separately, since 
they have separated distribution systems (see Figure 73). 

   

Figure 72 – Model illustration of the three thermal energy storages types of the system and sensors 
position. “h” is the total height of the tank to which the percentage is referred.  

 

Figure 73 – Enerboxx model scheme 

3.5.2.1 Control strategies 

Simulations were run with two different control approaches applied to the same HVAC system:  

• one approach is proposed by the demo building responsible, and it is here referred to as 
baseline control; 

• the other control was developed starting from the baseline and trying to improve some key 
figures, such as increasing the use of solar energy and reducing the use of electric energy, 
and it is referred to as improved control. 

In the baseline control, the fixed speed pump of the solar circuit (STC pump) is activated when 
the STCs are warm enough to transfer thermal energy to the solar thermal energy storage 
(solar TES), i.e., when the temperature of the collectors exceeds the solar TES temperature 
by a minimum threshold. Another check for the STC pump activation is to compare the STC 
temperature with the average temperature of the active Pink, in order to avoid heat fluxes in 
the opposite direction of the solar HX (i.e., the pump is turned off if the temperature of the solar 
circuit is lower than the DHW circulation circuit). Active Pinks are those in which the DHW valve 
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is open, and their average temperature is considered representative of the DHW circuit 
temperature. The STC pump also operates in the case that the dry cooler is activated (i.e., 
when the temperature at the top of the solar TES exceeds 90°C). In this case the flow is 
diverted to the dry cooler by a valve.  

The distribution of DHW is active whenever there are Enerboxxes that require to be charged. 
The charging demand is regulated by a hysteresis on the temperature T Pink t. The gas boiler 
is controlled by a signal that depends on the temperature of the water exiting the solar HX in 
order to be activated when energy from solar collectors is not enough. 

In the following, the control of the DHW and the H&C are described in detail by means of 
variables, hysteresis, schemes and control signals. 

Table 29 – Control of the DHW system (production and distribution) in the baseline control 

D
o

m
e

s
ti
c
 h

o
t 
w

a
te

r 

Variable Description 

T solar TES Temperature on the top of the solar TES 

T STC Temperature in the solar thermal collectors 

T Pink act AV Average temperature of the active Pinks 

T Pink t i Top temperature of the Pink i 

T SOL HXout Temperature of water exiting the solar heat exchanger 

Hysteresis name Input Lower limit (°C) Upper limit (°C) 

HYS_STC_A T solar TES (85% h) 88 92 

HYS_STC_B T STC – T solar TES 2 10 

HYS_STC_C T STC – T Pink act 
AV 

5 8 

HYS_Pink_i T Pink t (70 % h) 45 52 

HYS_DHW_AUX  T SOL HXout 58 60 

Scheme name Definition 

SC_STC  HYS_STC_B* HYS_STC_C 

SC_Pink_i  NOT(HYS_Pink_i) 

SC_DHW_distr  GT(∑ NOT(HYS_Pink_i)𝑖 ,0) 

SC_BOILER_DHW  NOT (HYS_DHW_AUX) 

SC_DRY_COOLER HYS_STC_A 

Control signal (1) Definition 

STC PUMP SC_STC 

Vpink_i SC_Pink_i 

DHW PUMP 
(modulating) 

∑ SC_Pink_i 𝑖  ∗ �̇�𝑃𝑖𝑛𝑘

�̇�𝐷𝐻𝑊 𝑃𝑈𝑀𝑃
 

BOILER DHW SC_DHW_distr * SC_BOILER_DHW  

DRY COOLER SC_DRY_COOLER 

(1) the components names are referred to Figure 33 and Figure 73 
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Regarding space heating and cooling, the distribution is modulated on the base of the number 
of apartments that requires space heating or cooling, depending on their thermostat’s signals. 
Thermostats have a fixed set point of 20°C during winter and 25°C during summer with 
hysteresis of ±0.25°C. Although the common thermostats cannot read a quarter of degree, this 
deadband value has been chosen for simulation reasons. The reality half degree can be 
considered. 

The HP and circulation pump of the HP circuit (HP PUMP) are active when the distribution is 
also active. In the baseline control, the HP PUMP has a fixed speed. The Hidros LZT heat 
pump can be controlled with a set point temperature input. In the model this is handled by a 
hysteresis on the temperature of the HP TES, which is in series to the HP in the hydraulic 
circuit. A control based on the temperature of the water exiting the HP is not possible for model 
instability reasons. The set point is 7°C in summer with a hysteresis of +5°C, whereas in winter 
a climatic function is given as variable set point. 

As for the DHW side, the boiler integrates the heating when the temperature measured at the 
HP HX outlet (load side) does not satisfy the set point.  

A complete description of the H&C baseline control, with all the parameters used in the 
simulation, is given below, in terms of hysteresis, schemes, and control signals. Schemes are 
Boolean variables and they are often defined by means of operator like GT which means 
“greater than” or EQL which means “equal to”. 

Table 30 – Control of the H&C system (production and distribution) in the baseline control 
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Variable Description 

T amb APT i Ambient temperature in the i-th apartment 

T HP TES Temperature of the HP TES 

T HP HXout Temperature of the water exiting the HP heat exchanger 

T clim Climatic curve (1) 

Hysteresis name Input Lower limit (°C) Upper limit (°C) 

HYS_APTi_S T amb APT i 25-0.25 25+0.25 

HYS_APTi_W T amb APT i 20-0.25 20+0.25 

HYS_HC_C T HP TES 7 12  

HYS_HC_H T HP TES T clim- 5 T clim 

HYS_H_AUX T HP HXout T clim- 8 T clim- 5 

    

Scheme name Definition 

SC_APT_i  (NOT(HYS_APTi_W) *winter) +(HYS_APTi_S*summer) 

SC_BUF  NOT(HYS_HC_H) *winter + HYS_HC_C *summer 

SC_BOILER_H  NOT (HYS_H_AUX) * winter 

SC_stage2 The HP is operating at the second stage(2) 

Control signal (3) Definition 

V apt i  SC_APT_i 
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HC PUMP  ∑ 𝑆𝐶𝐴𝑃𝑇𝑖𝑖  ∗   �̇�𝐹𝑁𝐶 ∗ 𝐹𝑁𝐶_𝑛𝑢𝑚

�̇�𝐻𝐶_𝑃𝑈𝑀𝑃
 

with 𝐹𝑁𝐶𝑛𝑢𝑚 = number of fancoils per apartment and �̇�=flow rate  

HP PUMP   GT (∑ 𝑆𝐶_𝐴𝑃𝑇_𝑖𝑖 ,0) 

HP  GT (∑ 𝑆𝐶_𝐴𝑃𝑇_𝑖𝑖 ,0) *SC_BUF 

BOILER H  GT (∑ 𝑆𝐶_𝐴𝑃𝑇_𝑖𝑖 ,0) * SC_BOILER_H* winter 

 (1) climatic regulation (see below) 

 

(2) the HP has a two stages operation, which modelling is described in the next 
paragraph 

 (3) the component names are referred to Figure 33 and Figure 73 

 

Since the harvesting of renewable energy sources resulted to be poor compared to the 
expected potential, some modifications were introduced in the baseline control, with the 
objective to reduce the non-renewable final energy use or improve the system operation. The 
main changes introduced are listed below: 

A solar mode for DHW is introduced. Despite solar energy is already used with the baseline 
approach, the change is meant to force the energy transfer from the solar TES to the 
Enerboxxes, whenever possible.  

Charges of the Pink storages are controlled by two temperature sensors instead of one. The 
charge starts when the top temperature falls below a threshold and ends when the bottom 
temperature exceeds the threshold. 

The HP circuit pump has a two-stages control signal (0 - 0.5 - 1) according to the HP operation 
(which has a two-stages modulation, as well). The HP activation is not bonded to the H&C 
distribution: it turns on when it is needed on the base of the HP TES temperature. 

The heating climatic curve is changed from 60°C as maximum supply temperature when 
outside temperature is 0°C to 55°C and from 20°C as maximum external temperature for 
heating to 15°C. 

The differences with respect to the baseline control are listed below, for the DHW and the H&C 
system. The unchanged part of the control is not reported; for schemes or control signals not 
defined in this table please refer to the previous one.  
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Table 31 – Control of the DHW system (production and distribution) in the improved control: only 

differences with respect to the baseline control are reported.  
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Variable Description 

T solar TES Temperature on the top of the solar TES 

T Pink t i Top temperature of the Pink storage i 

T Pink b i Bottom temperature of the Pink storage i 

Hysteresis name Input Lower limit (°C) Upper limit (°C) 

HYS_TES_warm T solar TES 55 65 

HYS_Pink_i_sol  TsolarTES - T Pink_t   5 10 

Pink_i_charge {[NOT(T)*NOT(B)] OR EQL(Pink_i_charge t-1,1)} *NOT (T * B) 

with T=GT (T Pink t, 45) and B=GT (T Pink b, 45) 

Scheme name Definition 

SC_SOL  GT(∑ HYS_Pink_i_sol𝑖 ,0) AND HYS_TES_warm 

SC_Pink_i  NOT(Pink_i_charge) OR (HYS_Pink_i_sol AND 
HYS_TES_warm) 

SC_DHW_distr  GT(∑ NOT(Pink_i_charge)𝑖 ,0) 

Control signal (1) Definition 

STC PUMP OR(SC_STC, SC_SOL) 

BOILER DHW GT(∑ NOT(Pink_i_charge)𝑖 ,0) 

(1)  the components names are referred to Figure 33 and Figure 73 

 

Table 32 – Control of the H&C system (production and distribution) in the improved control: only 
differences with respect to the baseline control are reported 
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Variable Description 

T clim Climatic curve (1) 

Scheme name Definition 

SC_BOILER_H HX_HspNA* winter 

 with HX_HspNA =∫NOT (HYS_H_AUX)>10 minutes     

Control signal (2) Definition 

HP PUMP 0.5*OR (GT (∑ 𝑆𝐶_𝐴𝑃𝑇_𝑖𝑖 ,0), SC_BUF) +0.5*SC_stage2 

HP SC_BUF  

BOILER H GT (∑ 𝑆𝐶_𝐴𝑃𝑇_𝑖𝑖 ,0) * SC_BOILER_H * winter 

 (1) climatic regulation (see below) 
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(2) the component names are referred to Figure 33 and Figure 73 

 

The control signal of the HP presented in Table 30 and Table 32 is a Boolean variable that 
decides whether the HP is ON or OFF. Normally, when the HP turns ON, it operates at the first 
stage, which is modelled as if the HP is operating with half of its nominal capacity and power 
consumption. The second stage of the HP is activated, in the model, when the set point is not 
achieved for 10 minutes; when the second stage is active, the HP operates with its full capacity 
(depending on the source and load temperatures). The second stage is turned off as soon as 
the set point is achieved. 

3.5.2.2 Solar mode parameters tuning 

In the improved control, the solar mode is the operational mode that forces the transfer of heat 
from the solar TES to the Enerboxxes storages (Pink), when available. It is based on the 
temperature at the top of the solar TES and its difference with the temperature of each of the 
Pink tanks, as shown in equations of Table 31. Since simulations show that the activation of 
this control scheme can have frequent on-off oscillations, a parametric analysis was 
performed, in order to understand if this effect can be limited without compromising the 
effectiveness of the introduced solar mode. The month of August is chosen to evaluate two 
objective functions: i) the monthly thermal energy from the boiler, that should be minimized 
and ii) the number of on-off per day of the solar mode. The second, can be considered an 
indication of the system operation, too many on-off denotes a bad operation, therefore it is a 
function to be minimized. Simulations are run with different limits for the two hysteresis that 
impact on the solar scheme (SC_SOL) reported in Table 31. 

 

Table 33 – Parameters tuning for the improvement of the solar mode operation 

 HYS_TES_warm HYS_Pink_i_SOL 
simulation lower limit upper limit lower limit upper limit 
a 55°C 65°C 5°C 10°C 
b 55°C 65°C 5°C 15°C 
c 55°C 65°C 10°C 15°C 
d 55°C 70°C 5°C 10°C 
e 55°C 70°C 5°C 15°C 
f 55°C 70°C 10°C 15°C 
g 55°C 75°C 5°C 10°C 
h 55 75°C 5°C 15°C 
i 55°C 75°C 10°C 15°C 
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The conducted parametric analysis has shown how the definition of the hysteresis parameters 
can influence the energy consumption and the number of solar mode activations. As shown in 
Figure 74, in cases c), f) and i), for which the lower limit of the HYS_Pink_i_SOL is set to 10°C 
instead of 5°C, the daily average number of activations sensibly increases. This implies 
frequent changes of the system operation and it could lead to an overuse of the system 
components. The parameters combinations that minimize the number of activations of the 
solar mode and the use of energy from the gas boiler are, respectively, the cases a) and b). 
These cases have in common the values for the definition of the SOL TES charged at 65°C 
with a deadband of -10°C. Between the two cases, case a) is chosen as presents lower back 
up energy consumption although the number of daily activations of the solar mode is slightly 
higher than case b). 

 

Figure 74 – Results of the parameters tuning of the solar mode operation and final selected solution 
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4 Retrofit solutions performance 

4.1 Key Performance Indicators - KPIs  

The affordability of a H&C system depends on different factors: comfort, energy and 
economics. The comfort indicator is here meant as the time in which the set temperature is not 
achieved. The energy indicators help to estimate the energy required by the users, the final 
energy consumed to cover the demands, the corresponding primary energy consumed as well 
as to calculate the performance factors on the use of solar energy and of the overall H&C 
systems. The economic indicator refers to the final energy cost. 

4.2 Comfort indicators 

The European Standard EN 15251 introduces a method to evaluate the comfort conditions 
over time. The resulting KPI is “the time during which the actual operative temperature exceeds 
the specified range during the occupied hours”, “weighted by a factor which is a function 
depending on by how many degrees, the range has been exceeded”. In other words, it is an 
indicator of how much and how long the operating temperature is outside the comfort band 
during the occupation period.  

Here, this KPI is called weighted discomfort time (WDT). The indicator is simplified with respect 
to the one defined in the standard: adaptive comfort is not considered; therefore the comfort 
range is constant. The lower limit of the range is the winter set point minus the lower hysteresis 
band (20-0.25=19.75°C) and the upper limit of the range is referred to the summer set point 
(25+0.25=25.25°C). WDT is computed as a time integral of the difference between the ambient 
temperature and the closer range limit, when the ambient temperature is outside the range, 
otherwise it is zero. 

𝑊𝐷𝑇𝑤𝑖𝑛𝑡𝑒𝑟 = ∫ (19.75 − 𝑇) 𝐿𝑇(𝑇, 19.75) 𝑑𝑡

𝑡𝑖𝑚𝑒

   

𝑊𝐷𝑇𝑠𝑢𝑚𝑚𝑒𝑟 = ∫ (𝑇 − 20.25) 𝐺𝑇(𝑇, 20.25) 𝑑𝑡

𝑡𝑖𝑚𝑒

 

Where 𝐺𝑇 and 𝐿𝑇 are Boolean operators and means, respectively, “greater than” and “lower 
than”. 

In some cases, it is more interesting to evaluate the maximum value of WDT (MAX WDT) for 
each discomfort occurrence, rather than its value at the end of the year/season. In that cases, 
the WDT is reset to zero whenever the ambient temperature returns within the range. 

4.3 Energy indicators 

4.3.1 Useful energy - UE 

The Useful Energy (UE) is the energy required by the tenants for maintaining the set internal 
temperature and relative humidity. The UE can be also meant as the building demand both in 
terms of heating or cooling. 
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4.3.2 Final Energy - FE 

For electricity driven systems, the FE equals the electricity used to drive the HVAC system, 
while for gas or biomass driven ones, the FE equals the Higher Calorific Value (HCV) of the 
used fuel by its mass consumption. 

4.3.3 Primary Energy – PE 

Primary Energy is an indicator that allows a comparison between different energy sources and 
takes into account energy consumed for producing electricity or gas. Primary Energy multiplies 
Final Energy for a coefficient, the Primary Energy Factor, that quantifies the non-renewable 
primary energy used to provide the final energy, including the energy used for construction of 
the electric grid and power plants. This indicator accounts for the primary energy from fossil, 
nuclear and primary forest resources (i.e. original forests that are destroyed and replaced by 
farmland) defined in terms of primary energy to final energy - kWhPE/kWhFE. 

𝑃𝐸 = 𝐹𝐸 ∗ PEF 

Since the provenance of the electrical energy at the plug varies widely from country to country 
due to their power generation and import mixes, the adopted values are reported in Table 34 
and refer to the “Primary Energy Factors and Members States Energy Regulations” document 
[13].  

Table 34 – Values of PEF 

 PEF 

 [kWhPE/kWhFE] 

Electricity 2.3 

Mains gas 1.1 

4.3.4 Use of solar energy 

SOLAR CONTRIBUTION: is defined as the percentage of DHW and/or heating demand that 
is covered by solar thermal energy. 

𝑆𝐶𝐷𝐻𝑊 =
𝑄𝑆𝑇,𝐷𝐻𝑊

𝑄𝐷𝐻𝑊
⁄  𝑆𝐹𝑆𝐻 =

𝑄𝑆𝑇,𝑆𝐻
𝑄𝑆𝐻

⁄  𝑆𝐹𝑡𝑜𝑡 =
(𝑄ST,𝐷𝐻𝑊 + 𝑄ST,𝑆𝐻)

(𝑄𝐷𝐻𝑊 + 𝑄𝑆𝐻) 
⁄  

Where 𝑄𝑆𝑇,𝑆𝐻 and 𝑄𝑆𝑇,𝐷𝐻𝑊 are the net solar thermal energy employed, detracted of thermal 

losses along the pipelines and the thermal storage, for covering space heating or DHW 
demand. 𝑄𝑆𝐻 and 𝑄𝐷𝐻𝑊 represent the total space heating and DHW demand. 

 

PV SELF-USE FRACTION: the percentage of electric energy produced by PV e directly used 
by the HVAC system. 

𝑃𝑉𝑢𝑠𝑒 =
𝑊PV,used

𝑊𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
⁄  

where 𝑊PV,used is the self-consumed PV energy and 𝑊𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 is the total electricity 

consumed. This quantity is computed hourly and takes into account the simultaneity between 
PV production and electricity consumption.  

 

ELECTRICITY TO GRID, ELECTRICITY FROM GRID, PV SELF CONSUMPTION: these 
quantities represent the total electricity produced by PV, not used because in excess or 
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because of no load and fed into the grid; the total electricity consumption coming from the grid 
and the total consumption covered by PV energy. 

4.3.5 Seasonal Performance Factor - SPF 

The performance of the H&C generation units are reported in terms of Seasonal Performance 
Factor (SPF) that can be intended as a sort of efficiency of the system. In fact, this indicator is 
calculated as the fraction of the useful energy provided to the final user over the energy used 
to cover that demand. The SPF can be calculated for DHW production, space heating or space 
cooling only or for the total amount of energy demanded/consumed. According to the definition, 
the SPF is referred to a specific energy source. If not specified, it is calculated for the electricity. 

𝑆𝑃𝐹𝑒𝑙 =
𝑄𝑡𝑜𝑡

𝐹𝐸𝑡𝑜𝑡,𝑒𝑙
⁄  

Where Qtot is the total useful energy (DHW; production, heating and cooling) and FEtot,el is 
the total electrical energy used for covering the demands.  
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4.4 Zaragoza demo case performance 

4.4.1 Energy performance  

4.4.1.1 Pre-intervention scenario 

For the existing building scenario, simulation results for the whole building are compared to 
electric consumption obtained by energy bills. Space heating is provided by electric heaters, 
therefore the energy demand can be assumed to be the same as the consumption.  

Available data on the apartments’ electric consumption are the bills of 62% of the apartments. 
The definition of the energy demand shares between appliances/lighting, heating and DHW is 
made using [1]. Table 35 shows the estimated space heating demand that is approximately 27 
kWh/(m²y) and the DHW demand around 11 kWh/(m²y).  

Table 35 – Energy demand of the apartments as retrieved by the energy bills 
 

Value 
Average 
total 
electricity 

Specific 
average 
tot electr. 

Electricity 
for Heating 

Electricity 
for DHW 

Specific 
heating 
use 

Specific 
DHW 
use 

 [m²] [kWh] [kWh/m²] [kWh] [kWh] [kWh/m²] [kWh/m²] 

From 
available bills 
(62% of 
dwellings)  

2399 133,283 55.56 62,643 25,190 26.1 10.50 

Estimation 
for all the 
dwellings 

3860 220,828 57.21 103,789.5 41,737 26.9 10.81 

 

Within the available energy bills, some apartments use other sources for heating or DHW. In 
addition to this, due to the tenant’s behaviour, it could be assumed that temperatures lower 
than the standard 20°C may occur. The heating generation is assigned to electric heater, 
therefore the user may use them only in the occupied rooms and only for improving the internal 
temperature. It could be supposed that the comfort temperature of 20°C is rarely maintained. 
Therefore, three scenarios have been analysed in order to estimate the energy demand. 

1. Set-point temperature for heating at 18°C during the day and 17°C during night; 

2. Set-point temperature for heating at 20°C during the day and 18°C during night; 

3. Set-point temperature for heating at 20°C during the whole day. 

The first case represents the most probable current building use. The annual heating demand 
averaged through all the apartments is 35 kWh/(m²y) (see Figure 75), a value higher than the 
one retrieved from the bills. The reason for this discrepancy could be the different temperatures 
between rooms (only one room per time is heated up), the uncertain share between the 
different uses – appliances/lighting, space heating and DHW and the assumptions made on 
infiltration and ventilation rates. At the time of the study, monitoring data is still limited to allow 
a model’s calibration.  

 

1 Análisis del consumo energetico del sector residencial en Espana, pag. 56, 
(http://www.idae.es/uploads/documentos/documentos_Informe_SPAHOUSEC_ACC_f68291a3.pdf) 

http://www.idae.es/uploads/documentos/documentos_Informe_SPAHOUSEC_ACC_f68291a3.pdf
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Results for scenario 2 and 3 are reported in Figure 76 and Figure 77 respectively. Despite 
scenario 3 is the most demanding one, the yearly heating demand is less than 60 kWh/(m²y), 
that means quite limited for an existing building. However, this result is in line with the fact that 
walls are characterized by constructions with good thermal performance [1]. 

 

Figure 75 – Scenario 1 - Estimation of building heating demand before renovation works (17 °C during the 
night, 18°C during the day) 

 

Figure 76 – Scenario 2 - Estimation of building heating demand before renovation works (18 °C during the 
night, 20°C during the day) 

42 32 46 33 33 33 33 33 33 33 33 33 46 31 44

35 22 38 27 27 27 27 27 27 27 27 27 40 25 39

47 31 39 26 26 26 26 26 26 26 26 26 41 37 41

64 47 42 53 43 43 43 67

C B A C B A C B A C B A C B A

Building Total Heating Energy Demand (MWh/y)

159
Building Average Heating Energy Demand (kWh/m2y)

35.3

Heating Energy Demand

n 12 n 14 n 16 n 18 n 20

52 41 57 42 42 42 42 42 42 42 42 42 56 40 55

44 29 48 36 36 36 36 36 36 36 36 36 50 34 49

58 40 49 34 34 34 34 34 34 34 34 34 52 47 52

79 59 53 53 54 54 54 82

C B A C B A C B A C B A C B A

Heating Energy Demand

n 12 n 14 n 16 n 18 n 20

Building Total Heating Energy Demand [MWh/y]

202
Building Average Heating Energy Demand [kWh/(m²y)]

44.8
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Figure 77 – Scenario 3 - Estimation of building heating demand before renovation works (20 °C constant) 

As heating generation is mainly represented by electric heaters ([1] pag. 53), efficiency of the 
energy system can be estimated equal to 1. Two values for heating demand/consumption are 
used, one considering the actual case with a low comfort level and another by considering the 
comfort conditions of 20°C. 

As for heating demand, also the DHW demand has been assumed to be the one estimated by 
the energy bills, named “actual” and another in line with a typical use, named “standard” and 
equal to the one considered for the case after retrofit. These assumptions are motivated by the 
uncertainty on the electricity share and consumption (some apartments use butane for heating 
and cooking). 

For the existing case, cooling and ventilation loads are not covered. 

4.4.1.2 Post-intervention scenario 

The building energy demand after the retrofit interventions has been estimated for a set-point 
temperature of 20°C for heating and 25°C for cooling. 

Following the retrofit solutions described in par. 2.1.2, the building energy demands and HVAC 
system performance have been calculated.  

For the estimation of the whole building behaviour, only some apartments together with the 
Elfo Pack model have been simulated, as representative of the entire building. These are 
coloured in yellow in Figure 78. 

Energy demands for space heating of the whole building after the installation of insulation 
layers on the facades, roof and ground floor, and the replacement of the windows, amounts to 
24 kWh/m²y. Contrary to the case pre-retrofit, also the cooling demand is covered by the Elfo 
Pack and amounts to 13 kWh/m² per year. Figure 78 and Figure 79 report the heating and 
cooling demands per apartment in terms of kWh/m²y. 

 

68 53 73 55 55 55 55 55 55 55 55 55 72 52 70

57 38 62 47 47 47 47 47 47 47 47 47 64 42 63

75 52 63 45 45 45 45 45 45 45 45 45 66 62 68

100 77 70 70 54 54 54 104

C B A C B A C B A C B A C B A

Heating Energy Demand

n 12 n 14 n 16 n 18 n 20

Building Total Heating Energy Demand (MWh/y)

264.797
Building Average Heating Energy Demand (kWh/m2y)

58.7
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Figure 78 - Post retrofit interventions (set point temperature at 20°C) - Estimation of building heating 
demand expressed in [kWh/m²∙y] 

 

Figure 79 - Post retrofit interventions (set point temperature at 25°C) - Estimation of building cooling 
demand expressed in [kWh/m²∙y] 

For a better understanding of the Elfo Pack behaviour and consumption of the different energy 
uses, in the following it will be reported a more detailed analysis on two specific apartments, 
one on the first floor with PV panels on the West façade (F1_1) and one on the third floor with 
PV panels on the roof (F3_1). The two studied apartments are the “C” apartments n 12 in 
Figure 78. 

Figure 80 reports the control volumes the performance indicators refer to. SCOP and SEER 
refer to the heat pump itself, therefore consider the electricity of the compressor and thermal 
energy provided to the supply coil and DHW tanks.  

The SPFs, instead, that can be calculated separately for the three uses, heating, cooling or 
DHW, or for the whole system, include the total energy provided to the final user, therefore 
considering thermal losses, and the sum of the electricity consumed by the compressor, pumps 
and fans. 

30 29 27 19 29 19 29 19 29 19 29 19 27 29 30

25 19 23 13 23 13 23 13 23 13 23 13 22 19 25

34 26 25 19 25 19 25 19 25 19 25 19 24 26 34

42 26 27 27 23 23 23 42

C B A

Heating energy demand

n 12 n 14 n 16 n 18 n 20

Building Total Heating Energy Demand (MWh/y)

106
Building Average Heating Energy Demand (kWh/m2y)

24

18 15 18 10 18 10 18 10 18 10 18 10 18 15 18

15 14 14 10 14 10 14 10 14 10 14 10 13 14 15

16 11 15 8 15 8 15 8 15 8 15 8 15 11 16

16 14 14 14 12 12 12 16

n 12 n 14 n 16 n 18 n 20

Building Total Cooling Energy Demand (MWh/y)

60
Building Average Cooling Energy Demand (kWh/m2y)

13

Cooling energy demand
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Figure 80 – Control volume what the system performance are referred to. 

Table 36 summarizes energy provided to the apartment F1_1 and energy consumed by the 
Elfo Pack. In line with par. 4.3.1, “Used energy” refers to the energy used for maintaining the 
apartment at the comfort temperature, that is the apartment demand. “Thermal en. HP” is 
instead thermal energy provided by the Elfo Pack and exchanged through the supply coil. The 
difference between Used energy and Thermal en. HP is the contribution given by mixing fresh 
and recirculation air.  

In the following paragraphs, electricity consumption is reported both by not considering the PV 
contribution (w/o PV) and with (w/ PV). This because PV contribution depends on the installed 
field area and orientation, but it gives an idea on how the coupling of the two can reduce the 
total electricity consumption. 

As the ambient conditioning is assigned to the mechanical ventilation, energy indicators on 
“Ventilation” refer to those moments when there is no heating or cooling demand, but 
ventilation only. 

Table 36 – Summary of energy demand and consumption for the apartment F1_1 

 

Units 
Space 
Heating 

Space 
Cooling 

DHW 
winter 

DHW 
summer 

Ventilation 

Used energy [kWh/m²y] 34 16 15 8 -20 

Thermal en. HP [kWh/m²y] 27 11 14 3 - 

Electricity HP w/o PV [kWh/m²y] 7 3 4 1 0.06 

Electricity HP w/ PV [kWh/m²y] 7 1 3 1 0.03 

 

The difference between energy demands and energy provided by the heat pump lies in the 
gain obtained by exploiting recirculation air and condenser heat. 

Figure 81 shows the share of energy used for covering the total energy demand. The plain part 
represents the contribution given by the heat pump that is 70% for space heating, 80% for 
space cooling, 93% for the winter DHW production and half of the total demand for the summer 
DHW production. As the priority of the Elfo Pack is space conditioning, it could happen that the 

COP / EER

T

T

Electricity

SPF
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electric resistance is used for covering the DHW load. This electric contribution during summer 
season is mainly due to the strategy for exploiting the PV availability. This aspect is better 
explained in the following paragraphs.  

The dashed part of the graph represents the free contribution to the energy demand obtained 
through the mixing of fresh air with recirculation air for space conditioning, or to the DHW 
production during summer season by recovering heat from the condenser. The dashed straight 
part is the contribution of the electric resistance used for covering DHW production when 
simultaneous to space conditioning. 

 

Figure 81 – Share energy source for covering the thermal loads 

Looking at the share between the produced thermal energy Figure 82, half of the heat pump 
energy production is used for space heating. This is due to the fact that it constitutes the 
highest load and that it is covered by the heat pump only. Thermal energy for DHW is lower 
because of the lower demand but also because of a small fraction that is covered by electric 
resistance and, in summer, by condenser heat. 

Electricity consumption of the compressor is mainly due to space heating as a consequence 
of the share of thermal loads; 20% of the consumption is used for space cooling and 31% for 
DHW production. A small fraction of electricity less than 1% is used for ventilation only. 

 

Figure 82 – Share of the heat pump thermal loads (left) and electricity consumption (right) 

Looking at the different Elfo Pack working modes, for 76% of heating hours, space heating is 
produced together with DHW, while for the remaining 24% the Elfo Pack works in heating mode 
only. The simultaneity between cooling and DHW becomes more favourable for recovering 
waste heat from the condenser to the DHW. This situation is verified 68% of the cooling hours 
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that corresponds to 19% of the DHW production. For half of the hours, DHW is produced 
simultaneously with space heating, while for 17% electric resistance is forced thanks to PV 
availability. Figure 83 summarizes the share between the different Elfo Pack working modes. 
To note that the hours of simultaneous heating or cooling and DHW are accounted in both 
energy uses. 

 

Figure 83 – Number of hours of the different working modes on. 

As presented in section 3.3.2, the Elfo Pack has the MCI integrated that regulates the use of 
electricity between the grid and the PV. The electricity needed by the Elfo Pack is taken from 
the PV if available, otherwise from the grid. Due to the PV panels position and the heating 
profile, the match during winter between electricity need and PV availability is scarce (Figure 
84). As a consequence, the percentage of electricity produced by PV and used for space 
heating is quite low, around 4%. 

 

Figure 84 – Sample of match between space heating demand and PV production – apartment F1_1 

For space cooling the behaviour is different, in fact cooling demand is simultaneous with PV 
production (Figure 85) and the PV use for cooling is 58% (Figure 87). 
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Figure 85 - Sample of match between space cooling demand and PV production – apartment F1_1 

The contribution of PV for DHW production is quite low because refers to the period when 
there is DHW production only and PV availability.  

An improvement of the PV use by the Elfo Pack can be verified if the electric resistance is 
switched on whenever the tank DHW temperature is below a set point and there is PV 
overproduction. This behaviour is shown in Figure 86 in winter (left) and summer (right) mode. 

 

Figure 86 – Space heating (left) and cooling (right) with PV production and electric resistance use 

Ventilation consumption is covered by PV energy for more than half of the total consumption 
and, also in this case, it refers to that period with ventilation only and not air conditioning (see 
Figure 87). 

 

Figure 87 – Share of electricity from grid and from PV, and percentage of PV use apartment F1_1 
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In light of the presented thermal loads and electric consumption, seasonal COP and EER of 
the heat pump, and SPF of the whole systems are reported in Table 37 for the apartment F1_1. 

Table 37 - Summary of energy performance for the Elfo Pack system in the apartment F1_1 

 

Units 
Space 
Heating 

Space 
Cooling 

DHW 
winter 

DHW 
summer 

COP w/o PV [-] 3.8 3.5 3.2 3.2 

COP w/ PV [-] 4.0 8.2 3.9 4.4 

SPF w/o PV [-] 4.2 4.3 2.7 3.1 

SPF w/ PV [-] 4.4 10.0 4.8 11.7 

 

Without the contribution of PV production, the seasonal COP of the Elfo Pack when working 
for space heating is 3.8, while for DHW production is 3.2; seasonal EER is instead 3.5. These 
values are in line with another efficient heat pump, but become more favourable when coupled 
with the MCI, that is with PV. In this case in fact, COP for space heating and DHW achieve an 
average during the year of 4.0 while EER for space cooling increases up to 8.2. As already 
shown, this significant improvement is due to the simultaneity between PV availability and 
cooling load.  

Looking at the efficiency of the whole system, included the contribution of the mixing with 
internal air and auxiliaries consumption, the SPFs for space heating and cooling are higher 
than the COP/EER, while they decrease for DHW production. The difference between SPF 
and COP for DHWwinter is influenced by the fostering of electric resistance use when there is 
PV availability and any heating load. The SPFs obtained with the use of PV are higher, in 
particular when the contribution of the renewable source is strong. 

Depending on the PV panels position and orientation and on the dwelling loads, the share 
between energy from grid and PV can change. 

The apartment named F3_1 is located at the third floor and with same exposition as the one 
just described but the PV field is composed by 5 panels instead of 8 and is placed on the roof 
oriented through South with an inclination of 30°. In this case the match between PV availability 
and energy needs is more frequent, especially for the winter season (see Figure 88) with a 
consequent higher use of PV for covering the electric consumption (see Figure 89). With 
respect to the previous case, the improvement is verified for the DHW production during 
summer and during the winter season thanks to inclination and orientation that facilitate solar 
radiation harvesting. 

 

Figure 88 - Sample of match between space cooling demand and PV production – apartment F3_1 
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Figure 89 - Share of electricity from grid and from PV, and percentage of PV use – apartment F3_1 

Comparing the two cases above reported (see Figure 90), the apartment with PV field on the 
west façade uses for 35% of total electricity consumption energy produced by PV, while in the 
apartment with PV on the roof, this share is of 40%. To note that the PV field on the façade is 
bigger than the one on the roof.  

In proportion of the two cases, 60-65% of PV production is fed into the grid, this means that 
there is still a big potential to reduce electricity consumption. Further studies on the control of 
the Elfo Pack could improve this share. 

 

Figure 90 – Share of electricity from grid, from PV and fed into the grid 

The analysis reported for two apartments has been carried out for other representative 
apartments and results have been extended to the similar ones.  

Energy demands and consumption have been therefore calculated for the whole building and 
results are reported in the following. 

The case pre-retrofit has been considered at actual conditions, that is at the set temperatures 
and DHW consumption adopted by the user before renovation, and at standard conditions, 
that is at the comfort set temperatures and the standard use of DHW consumption. The two 
pre-retrofit cases are compared with the case post retrofit without and with considering the PV 
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contribution. Table 38 summarizes the energy demand pre/retrofit, at actual and standard 
conditions, and post retrofit.  

Table 38 – Zaragoza: Energy demands for the whole building for the pre- and post- intervention cases  

Energy demands Unit 
PRE  
Actual 

PRE  
Standard 

POST 
SAVINGS 
vs Actual 

SAVINGS 
vs Standard 

Space heating kWh/m²∙y 35 59 24 33% 60% 

Space cooling kWh/m²∙y 
 -   -  13 -100% -100% 

DHW  kWh/m²∙y 
11 22 23 -113% -5% 

 

Before the retrofit works, the cooling load was not covered, therefore after the works there is 
an additional energy demand. Thanks to the intervention on the envelope, the total energy 
demand for space heating is reduced of 60% if the standard conditions is considered, and 33% 
with respect to the actual building use. If we consider that the energy demand before retrofit is 
quite low, the intervention on the envelope and the replacement of the windows are able to 
produce a relevant reduction of the building demand. However, after retrofit there is an 
additional cooling demand that previously is not considered. 

DHW demand retrieved by energy bills seems to be low with respect to the common uses. For 
this reason, also for the DHW consumption comparison is carried out for actual and standard 
use. 

Table 39 summarizes energy consumptions for all the energy uses both before and after 
retrofit: space heating, space cooling, DHW preparation and mechanical ventilation. For all the 
cases combinations, pre and post retrofit, savings are calculated and showed in Table 40. 

Table 39 – Energy consumption for the pre- and post- intervention cases referred to the whole building. 
Pre intervention at actual and standard conditions and post with and without PV contribution 

Final Energy Unit PRE Actual 
PRE 
Standard 

POST w/o PV POST w/ PV 

Space heating MWh/y 159 265 24 23 

Space cooling MWh/y  -   -  14 5 

DHW  MWh/y 49 99 41 17 

Ventilation MWh/y  -   -  0.2 0.15 

TOTAL           

Electric energy MWh/y 208 364 79 45 
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Table 40 – Energy savings for pre- and post-retrofit works of the whole building 

Final Energy 
SAVINGS  

w/o PV vs Actual 

SAVINGS w/ 
PV vs Actual 

SAVINGS w/o 
PV vs standard 

SAVINGS w/ PV 
vs standard 

Space heating 85% 86% 91% 91% 

Space cooling -100% -100% -100% -100% 

DHW  17% 66% 59% 83% 

Ventilation -100% -100% -100% -100% 

TOTAL         

Electric energy 62% 78% 78% 88% 

 

The adoption of the Elfo Pack for covering space heating is able to reduce building 
consumption of 85-91% depending if it is compared with actual or standard conditions. The 
coupling of the Elfo Pack with PV decreases the consumption of an additional 0.8%. The small 
contribution is due to the small match between PV availability and heating load. 

Energy used for covering space cooling is present for the post-retrofit case only. 

For DHW preparation, common demands around 20-22 kWh/m²y are used for the case post 
retrofit, because it is supposed that also the comfort conditions improve. Consequently, 
savings with respect to the actual use are lower because loads are different. Despite this, 
thanks to the DHW production of the Elfo Pack through a heat pump during winter and the 
recovery of summer waste heat, energy consumption for DHW production can be reduced by 
17 – 66% if compared with the actual use and of 59 - 83% if compared with standard uses. To 
note that, due to the strategy adopted for exploiting PV energy, electric production of DHW is 
forced when there is PV availability.  

 

Figure 91 – Energy consumption of the building before retrofit considering actual and standard 
conditions and after retrofit without and with PV 

Despite the additional consumption of the case after retrofit due to the covering of space 
cooling and the presence of mechanical ventilation, the total electricity consumption is 
significantly lower than the case before works (Figure 91), in the range of 60 – 78% depending 
if the actual or standard conditions are considered. Including the contribution of the PV, 
electricity consumption can be reduced of 78 – 88%. 
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4.4.2 Comfort and healthiness performance 

The adoption of the Elfo Pack in the building after the retrofit works improves the comfort and 
healthiness levels of the building. The presence of 100 m³/h of fresh air along the day ensures 
the air change and the hygienic conditions without the need of windows opening. This action 
in fact would affect the internal thermal comfort with an increase of heating demand. 

The possibility of cooling down and heating up the ambient by the Elfo Pack ensures a comfort 
temperature inside the apartments during the whole year, therefore the WDT is 0°C∙h. Figure 
92 shows the frequency distribution of the operative temperature in the two analysed 
apartments. As it can be observed, the temperature ranges between 19.5°C and 25.5°C that 
are the used set points considering 0.5°C of the regulating hysteresis. 

 

Figure 92 – Frequency distribution of internal temperatures in the two analysed apartments 

One of the Elfo Pack working modes consists in the free cooling, that is exploiting low external 
temperatures for cooling down the ambient. In this case, fresh air is double and 200 m³/h of 
external air is supplied to the ambient avoiding to switch on the compressor. For the presented 
case, apartment F1_1, free cooling mode occurs 7% of the cooling hours (see Figure 83) 

4.4.3 Economic performance 

Being the energy source equal before and after retrofit, savings on the operational costs are 
the same as energy savings. Assuming an average price for EU-28 [14] of 0.2159 €/kWh, 
operative costs for the Zaragoza demo case are reported in the following Table 41. 
 
Table 41 – Zaragoza: Operative costs for the whole building for the pre- and post- intervention cases. Pre 

intervention at actual and standard conditions and post with and without PV contribution 

Final Energy Unit 
PRE 
Actual 

PRE 
Standard 

POST 
w/o PV 

POST 
w/ PV 

 POST w/PV 
for the whole 
building 

Space heating €/m² 7.6 12.7 1.2 1.1   € 4,872  

Space cooling €/m²  -   -  0.7 0.3   € 1,181  

DHW  €/m² 2.3 4.7 1.9 0.8   € 3,593  

Ventilation €/m²  -   -  0.0 0.0   € 32  

TOTAL 
     

   

Electric energy 
cost 

€/m² 7.6 12.7 3.8 2.1   € 9,679  
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4.5 Rome demo case performance 

4.5.1 Energy performance 

4.5.1.1 Pre-intervention scenario 

In the Rome demo building, heating demand for the existing scenario can be retrieved by 
energy bills. A summary of the actual dwellings heating demand is drawn in Figure 93. Heating 
energy demand is mostly influenced by tenants’ behaviour and apartments orientation. As 
observed in Figure 93, some apartments (red coloured) are energy demanding, more than 100 
kWh/(m²y) while others have very low heating demand – light blue -, less than 10 kWh/(m²y).  
Despite this energy use distribution, the average specific heating demand through the 
apartments is 53 kWh/(m²y). Apartments with less than 10 kWh/(m²y) are assumed to be not 
occupied and not included in the calculated average. 

The existing scenario was modelled and simulated according to inputs presented in section 
3.3. The corresponding heating demand is summarized in Figure 93. For privacy issues, the 
consumption of each dwelling is not shown, but only the total on the whole building. Dwellings 
are coloured in a range from blue to red in line with their consumption, from the lesser to the 
most consuming one.  

The difference with the real heating demand is approximately 16%. The reasons for the 
discrepancy can lie on: 

• uncertainty on the generation device efficiency and distribution system for the estimation 
of the actual demand from the energy bills; 

• averaged demand neglecting dwellings supposed to be unoccupied (<10 kWh/(m²y)); 

• assumption on the internal set temperature and infiltration/ventilation rates. 

At the time of this document, a more precise model calibration is not possible due to the low 
quality of the dwelling thermal consumption measurement. 

 

 

Figure 93 – Apartments energy demand retrieved by energy bills 
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Figure 94 – Estimation of building heating demand before renovation works at actual conditions, that is 
18.5°C. Yellow cells are the modelled apartments while the white ones are interpolated 

 

Figure 95 – Estimation of building heating demand before renovation works at actual conditions, that is 
20°C. Yellow cells are the modelled apartments while the white ones are interpolated 
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These results are used for the estimation of the energy savings of the building. Assuming the 
efficiency of the system as 0.8, generation and distribution included, the estimated building 
energy consumption is 76.6 kWh/(m²y), equal to a total of 546 MWh, as reported in Figure 94. 
All the apartments are assumed to be occupied and heated at the conditions of Table 15. 

For a comparison with same conditions as post retrofit where standard set temperatures are 
used, heating demand is calculated by considering heating set point at 20°C. Results are 
reported in Figure 95. Heating demand amounts to 72 kWh/m²∙y for a total energy consumption 
of 722 MWh if a gas boiler efficiency of 0.8 is used. 

4.5.1.2 Post-intervention scenario - Building 

The building energy demand after the retrofit interventions is estimated by means of a dynamic 
simulation, using the boundary conditions shown in Table 15. 

In the following, results of the retrofit case are presented. Energy behaviour of the whole 
building has been calculated as specified in section 3.3.1. As a consequence, six apartments 
for each of the representative staircases (A, C and E) are simulated. Figure 96 shows the 
thermal energy demand of the apartments for heating and cooling. 

 

 

Figure 96 – Building heating and cooling demand post retrofit, estimated with dynamic simulation. Each 
cell corresponds to an apartment, only the coloured ones were simulated. 
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As shown, the retrofit intervention on the building envelope can significantly reduce the current 
building heating demands, even with improved comfort. In fact, the heating demand in this 
simulation is referred to a constant set point of 20°C (i.e., also during night hours), whereas in 
the existing case the heating set point has been assumed to be 18.5°C for accounting for the 
non-homogeneous temperature in the whole dwelling and the heating off during the night. 

From Figure 96 can be observed as, despite staircase E is south facing, apartments on the 
south side require more energy than staircase A because of a shading caused by surrounding 
buildings (see Figure 48). The shading limits the solar gains on the staircase E and C, whereas 
it does not affect the radiation on the rest of the building.  

4.5.1.1 Post-intervention scenario – HVAC system 

For a better understanding of the system behaviour and consumption of the different energy 
uses, in the following is reported a more detailed analysis. Both staircases E (south-facing, 
with STC), C (central, without STC) and A (north facing) are analysed. Figure 97 shows the 
shares of electric energy use (lighting and appliancies are not accounted). 

 

Figure 97 – Electric energy use shares for staircases A, C and E 

Figure 97 shows as in the staircase E electricity consumption for DHW consumption is 
significantly lower than in the other staircases. In particular, during summer, this amount of 
energy is half while in winter solar energy reduces of around one third electricity consumption 
for DHW. In the three staircases, the largest share is the energy use for heating whereas the 
need for cooling is significantly lower. This is mainly due to the different loads but also to the 
better performance of the HP in cooling mode (see Table 42). It should also be noted that the 
south-facing staircase (E) is largely shaded by the building in front of it (west side), which limits 
the solar gains especially in the afternoon. This explains the lower consumption for cooling of 
staircase E with respect to staircase C.  

In Figure 98 the annual distribution by week of the various thermal inputs to the DHW 
production is shown. The heat recovery from the HP condenser is 24% of the summer DHW 
production (blue bars). The solar share from STC (orange bars) is 50% during summer and 
42% during winter (shares between the two seasons are similar because of the vertical 
orientation of STC). The remaining share is covered by the HP operating for DHW production 
(grey bars). Figure 99 shows the differences between staircases C and E, in terms of annual 
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balance of the DHW production. Besides the impact of the solar contribution, a difference 
between the two cases is in the total thermal losses, which are 35% higher in the case with 
solar thermal collectors. This is due to the higher temperatures reached in the DHW storage 
and distribution system and to the presence of an extra storage tank (the solar TES). Moreover, 
the DHW heat recovery from the condenser side of the HP when operating in cooling mode, is 
slightly lower in the case with STC, because of the priority given to the solar contribution (higher 
temperature in the DHW tank prevents the activation of the heat recovery mode in the HP). 
Despite this, staircase E requires 46% less of thermal energy produced by the heat pump with 
respect to staircase C. 

 

Figure 98 – Annual distribution of DHW production shares, i.e., from solar thermal collectors, from the HP 
operating in DHW mode, and the heat recovery from the HP operating in cooling mode (staircase E). 

 

 

Figure 99 – Annual DHW thermal balance (staircases C and E). 

Figure 100 shows as the potential PV availability is not fully exploited by the system. On annual 
basis, only 12% of the total building consumption is covered by the PV system installed on the 
roof. The potential self-consumption that can be reached with the installed PV system, could 
be increased by implementing specific control strategies aimed at exploiting the thermal 
storage capacity of the system without installing batteries. In line with this, Figure 101 shows 
as the PV coverage potential is not fully exploited because of the small matching between the 
solar energy availability and the system demand. As a consequence, the remaining part of the 
load is covered by grid electricity. 
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Figure 100 – Annual distribution of the electricity use shares (self-consumption and grid electricity). PV 
production is also shown as an indication of the potential “ideal” self-consumption. (staircase E). 

 

 

Figure 101 – Example of electric load for different uses and PV production during the winter (above) and 
summer (below). PV production is based on hourly solar radiation data 

Regarding system efficiency, seasonal performance factors (SPF) and seasonal coefficient of 
performance (SCOP/SEER) are calculated (Table 42). Control volumes for the calculation of 
SPF are shown in Figure 102. In the event that HP is the only generation system, SPF values 
are by definition lower than HP SCOP / SEER, since thermal losses and electric use of auxiliary 
components are accounted for. However, if we consider the “free” thermal contributions (such 
as solar energy and heat recovery contributions), the SPF increases significantly. This is why 
Table 42 shows higher SPF values for domestic hot water than for heating and cooling, with 
the exception of DHW in winter as there is any free contribution to DHW production. Regarding 
the differences between staircase C and E, little or no differences in terms of SCOP or SEER 
are noticed, as the HP operates in similar conditions (same supply water temperature and 
external temperature). On the contrary, there are significant differences on the SPF values of 
DHW, due to the substantial contribution of the solar thermal collectors in the staircase E. 
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Figure 102 – Control volume for calculation of SPF values for Cooling (top left), Heating (top right) and 
DHW (bottom). Electric consumption of hydraulic pumps and heat pump are accounted for. 

 

Table 42 – SPF values for different uses and for staircases E and C. 

 𝑆𝑃𝐹ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑆𝑃𝐹𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑆𝑃𝐹𝐷𝐻𝑊 (summer) 𝑆𝑃𝐹𝐷𝐻𝑊(winter) 

Staircase E 3.4 3.8 8.6 5.3 

Staircase C 3.4 3.8 4.5 3.1 

 𝑆𝐶𝑂𝑃ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑆𝐸𝐸𝑅𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑆𝐶𝑂𝑃𝐷𝐻𝑊 (summer) 𝑆𝐶𝑂𝑃𝐷𝐻𝑊(winter) 

Staircase E 4.1 5.1 4.0 3.4 

Staircase C 4.1 5.0 4.1 3.5 

 

4.5.2 Occupant’s behaviour 

In this section, the effects of some occupant’s actions, such as changing the ambient set point 
and opening windows during summer nights (night cooling) are analysed. 

The simulation scenario obtained from the parameters tuning is used as a reference case 
(Table 18). Some variations are introduced and combined with each other. The following winter 
set points are considered: 18°C, 20°C, 22°C and 20-18°C (night setback). Hysteresis dead 
band for the heating set point is ±0.25°. Night cooling (NC) is simulated by means of an extra 
ventilation flow rate (0.4 vol/h) during summer, between 9PM and 7AM, and only when the 
outdoor temperature is 1°C lower than the indoor temperature (hysteresis dead band of ±1°C). 
Table 43 outlines the scenarios that are studied. 
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Table 43 – Simulation scenarios for occupant’s behaviour 

CASE Winter set point Winter set back Summer night cooling (NC) 

18 18 18 √ 

20_18 20 18 √ 

20 20 20 √ 

22 22 22 √ 

18 NC 18 18 × 

20-18 NC 20 18 × 

20 NC 20 20 × 

22 NC 22 22 × 

 

The results highlight how the occupant behaviour can affect the building consumption. 
Considering the two extreme cases among the simulated ones, that is “22” and “18NC”, the 
case in which heating set point is 22°C and no night cooling is foreseen during summer has a 
final electric consumption 39% greater with respect to the case with 18°C during winter with 
night cooling during summer. With respect to the standard scenario (set point at 20°C during 
both day and night), increasing the set point to 22°C leads to an increase of final electric 
consumption of 14%. 

 

Figure 103 –Total electric energy use in scenarios with different occupants’ behaviours (changing the 
ambient set point and windows opening).  

Regarding the HP operation (Figure 104), the increase of the ambient setpoint without 
changing the supply water setpoint, leads to a higher number of ON/OFF cycles. However, this 
number is lower in the case of night setback. The reason is that when the set point raises from 
set back to set point, the heat pump stays on for a longer period than usual in order to meet 
the set point. On the contrary, when the set point is lowered (evening) the room temperature 
decreases from 20°C to 18°C and it takes some time (during which the HP is off) before heating 
is needed again. 
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Figure 104 – Number of HP on-off cycles in scenarios with different occupants’ behaviours (changing the 
ambient SP and windows opening during summer nights).  

4.5.3 Performance comparison between pre and post retrofit 

Table 44 summarizes the energy demand pre retrofit (at standard conditions) and post retrofit. 
Thanks to the intervention on the envelope, the energy demand for space heating is reduced 
by 52% with respect to standard conditions. However, since before the retrofit works the 
cooling load was not covered, there is an additional energy demand due to space cooling. The 
total demand reduction is therefore 24%. 

Table 45 summarizes energy consumptions for all the energy uses both before and after 
retrofit: space heating, space cooling, DHW and mechanical ventilation for the whole building 
(5 staircases). The total savings are also calculated. 

Table 44 – Comparison of energy demand before and after retrofit for the whole building  

Demand Unit PRE (Standard) POST Savings 

Space heating kWh/m²∙y 76.6 37 52% 

Space cooling kWh/m²∙y  -  16 - 

DHW  kWh/m²∙y 20 20 0% 

TOTAL kWh/m²∙y 96.6 73.0 24% 

 

Table 45 – Comparison of primary energy use, before and after retrofit for the whole building 

Primary 
energy 

Unit 
PRE 

(Standard) 
POST w/o 

PV 
POST w/ 

PV Savings 

Space heating MWh/y 750 179   

Space cooling MWh/y - 69   

DHW  MWh/y 196 99   

Ventilation MWh/y - 62   

TOTAL MWh/y 946 409 370 61% 

 

In order to compare pre-retrofit and post-retrofit energy consumption where energy sources 
are different, Primary Energy consumption and energy costs are expressed. In Table 45, 
primary energy savings for the whole building is shown. The comparison is made between the 
standard condition scenario pre-retrofit (from simulation) and the post retrofit scenario. Despite 
more services are introduced for the comfort of the occupants (cooling and mechanical 
ventilation), a significant reduction of 57% of primary energy is achieved. The primary energy 
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is further reduced by covering part of the electric consumption with PV energy up to reduce 
primary energy of 61%. 

4.5.4 Comfort and healthiness performance 

After the renovation, the thermo-hygrometric comfort for the occupants is expected to improve 
considerably. The cooling, that was not present before, maintains an optimal temperature also 
during the summer, covering the latent load too. In winter, the insulation of the envelope keeps 
a higher internal surface temperature, decreasing the radiative exchange of the body and thus 
increasing the feeling of well-being. The air quality is also improved thanks to a constant air 
change rate due to the ventilation machines. From the dynamic simulations the maximum 
weighted discomfort time (WDT) is calculated, and this is kept below 1 °C h during the year. 
Regarding the DHW, an equivalent index is calculated, considering the minimum tapping 
temperature equal to 45°C. The maximum WDT for DHW is 2°C h in the year. 

4.5.5 Economic performance 

Assuming the cost of gas equal to 0.0632 €/kWh [15] and the cost of electricity equal to 0.2159 
€/kWh [14], the average energy costs per apartment and for the whole building are reported in 
Table 46. Simulation results shows that it is possible to save 36% of the operating cost in a 
year. This result strongly depends on the assumed cost of energy. The selection of a 
favourable energy tariff or implementation of control strategies which exploit PV production 
can reduce this cost. 

Table 46 – Comparison of final energy costs per apartment, before and after retrofit – staircase E. 

Cost Unit PRE (Standard) POST w/o PV POST w/ PV Savings 

  Building Dwelling Building Dwelling Building Dwelling  

Space 
heating 

€ 
 43,086  539  16,840  211 

 
 

 

Space 
cooling 

€ 

 
  6,477  81 

 
 

 

DHW  €  11,250  141  9,284  116    

Ventilation €  43,086    5,829  73    

TOTAL € 54,336 679 38,430 480 34,760 434 36% 

4.6 Manchester demo case performance  

4.6.1 Energy performance 

4.6.1.1 Pre-intervention scenario 

Energy Performance Certificates (EPC), a legal requirement for landlords renting dwellings 
and for privately owned properties when selling a dwelling, are a source of data to outline the 
energy performance of the building as it is. 

In the EPC for the scenario without insulation (i.e. the pre-intervention scenario) and for a mid-
floor flat of 80 m2, a heating energy demand of 3868 kWh/year is reported. This is about 48 
kWh/m2 and it is comparable with the values obtained with the dynamic simulation, which for 
the 80 m2 flats in a mid-floor and with the full occupancy scenario (see Table 21), gives a range 
of 48-57 kWh/m2, depending on the exposure (see upper part of Figure 105).  

The whole building simulation is obtained by following the approach described in section 3.4.1 
combining differently the reference apartments in each floor. The final apartments composition 
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and assessment of the whole building heating demand can be found in Figure 105. Top and 
ground floors do not vary, while each apartment of the in-between floors assumes one of the 
three occupancy scenarios. The combination of apartments in each floor is different from the 
others. 

 

apartment number → 1 2 3 4 5 6 

full occupancy mid 50.5 57.4 43.3 49.4 48.3 51.2 

low occupancy mid 56.1 62.9 46.4 52.9 52.8 56.3 

average occupancy mid 52.3 60.5 44.1 51.9 51.2 53.9 

average occupancy top 74.0 81.0 63.6 70.2 71.3 74.1 

average occup. ground 55.4 62.7   52.0 55.7 

       

   kWh/m2   

top floor 74.0 81.0 63.6 70.2 71.3 74.1 

      
m

id
 f

lo
o

rs
 

50.5 62.9 44.1 51.9 48.3 56.3 

50.5 60.5 43.3 51.9 52.8 53.9 

50.5 60.5 46.4 52.9 51.2 53.9 

56.1 57.4 44.1 49.4 51.2 51.2 

56.1 62.9 44.1 51.9 48.3 56.3 

56.1 60.5 43.3 51.9 52.8 53.9 

56.1 60.5 46.4 52.9 51.2 53.9 

52.3 57.4 44.1 49.4 51.2 51.2 

52.3 57.4 44.1 51.9 48.3 56.3 

52.3 62.9 43.3 51.9 52.8 53.9 

52.3 62.9 46.4 52.9 51.2 53.9 

52.3 60.5 44.1 49.4 51.2 51.2 

52.3 60.5 44.1 51.9 48.3 56.3 

52.3 60.5 43.3 51.9 52.8 53.9 

52.3 60.5 46.4 52.9 51.2 53.9 

ground floor 55.4 62.7   52.0 55.7 

   BUILDING TOTAL 383 MWh/year 

 
Figure 105 - Heating demand obtained from dynamic simulation in the pre-intervention scenario. Overall 

overview of the heating demands distribution 

As shown, the orientation of the apartments has a significant influence on their heating 
demand. Apartment number 2 (see Figure 63 for the apartments numbering), which is North 
oriented, has the highest demand. Apartment number 3, which has less surface exposed to 
external conditions and is oriented towards South-East, has a lower heating need. The ground 
floor has a slightly higher heating demand compared to a mid-floor with the same occupancy 
conditions (average occupancy), whereas the top floor has a significantly higher demand, due 
to losses through the roof. The south oriented apartment in a mid-floor presents 30 kWh/m²y 
less of heating demand with respect to a north oriented one of the roof floor.  
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4.6.1.2 Post-intervention scenario - Building 

The intervention on the building envelope with the wall insulation through Swisstherm Mineral 
Wool system has led to a significant improvement of the envelope performance, and 
consequently to a reduction of the building heating demand. The same approach for calculating 
the building heating demand with variability of occupancy conditions explained for the pre-
intervention case is adopted to estimate the post-retrofit heating need of the building. 

Figure 106 shows the overall building heating demand post retrofit and the distribution over 
the apartments. As in the previous case, the top floor has higher demand in comparison to the 
intermediate floors. With respect to the case before renovation, all the apartments have 
reduced their heating need of 40-50%. The difference between the most and the lesser 
demanding apartment is decreased to 20 kWh/m²y. 

Looking at the building as a whole, renovation measures on the envelope are able to reduce 
the building heating demand of 45%, moving from 54 kWh/m²y pre retrofit to 29 kWh/m²y post 
retrofit. 

apartment number → 1 2 3 4 5 6 

full occupancy mid 25.9 31.0 24.8 29.3 24.6 26.7 

low occupancy mid 30.2 35.7 27.5 32.3 28.4 31.0 

average occupancy mid 27.5 33.5 25.7 31.2 26.8 28.9 

average occupancy top 38.9 44.9 37.1 42.2 37.4 39.7 

average occup. ground 29.1 34.7     27.2 29.8 

   kWh/m2   

top floor 38.9 44.9 37.1 42.2 37.4 39.7 

      
m

id
 f
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o
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25.9 35.7 25.7 31.2 24.6 31.0 

25.9 33.5 24.8 31.2 28.4 28.9 

25.9 33.5 27.5 32.3 26.8 28.9 

30.2 31.0 25.7 29.3 26.8 26.7 

30.2 35.7 25.7 31.2 24.6 31.0 

30.2 33.5 24.8 31.2 28.4 28.9 

30.2 33.5 27.5 32.3 26.8 28.9 

27.5 31.0 25.7 29.3 26.8 26.7 

27.5 31.0 25.7 31.2 24.6 31.0 

27.5 35.7 24.8 31.2 28.4 28.9 

27.5 35.7 27.5 32.3 26.8 28.9 

27.5 33.5 25.7 29.3 26.8 26.7 

27.5 33.5 25.7 31.2 24.6 31.0 

27.5 33.5 24.8 31.2 28.4 28.9 

27.5 33.5 27.5 32.3 26.8 28.9 

ground floor 29.1 34.7     27.2 29.8 

   BUILDING TOTAL 209 MWh/year 
Figure 106 – Heating demand obtained from dynamic simulation in the post-intervention scenario. The 

reference simulated floors are reported on the top while below is represented the final building 
configuration 
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4.6.1.3 Post-intervention scenario – HVAC system 

The model of the heating and DHW system has been coupled with each of the apartment of a 
typical mid-floor, of the top and ground floor. However, the mid floor is the most representative 
floor of the whole building. An analysis on the variation of the yearly heating demand by 
considering the mid-floor behaviour for the 17 floors instead of the mid-floor for 15 storeys plus 
the ground and roof floors has demonstrated a difference less of 1%. Therefore, in terms of 
annual demand or consumptions, the building can be represented by 17 mid-floors. Also in 
terms of peak power demand for heating (which typically occurs during the coldest hours in a 
year), the top and the ground floors do not impact significantly on the peak power of the entire 
building, since, as shown in  Figure 65, the peak heating power of the top and ground floors 
compensate for each other, being respectively higher and lower with respect to the mid-floor 
peak power. On the contrary, it is not possible to neglect the variability of load due to 
occupants’ behaviour in the apartments. For this reason, the heating and DHW system at 
dwelling level is simulated 18 times (3 for each apartment of a reference mid-floor), and each 
of these scenarios has a different occupancy profile and DHW tapping profile. 

Energy KPIs for the whole building are therefore calculated as presented in section 3.4.1. With 
respect to the ideal heating demand, thermal energy use calculated with the modelling of the 
HVAC system is lower, and this difference is due to two reasons: 

1. The room temperature is set to 20°C; however, when the heat pump is operating for DHW, 
there are short intervals of time during which the setpoint is not satisfied (and therefore 
less energy is supplied to the apartment); this aspect is discussed below in paragraph 
4.6.2;  

2. The DHW 120 l storage is located within the apartment, therefore the losses are recovered 
and contribute to energy supply. 

In Table 47, some KPIs for the apartments of a mid-floor, simulated with the average 
occupancy scenario, are reported. DHW storage charging is more frequent in the larger 
apartment (3.1 times a day in average) than in the small apartments (2.6 times/day) since there 
is a more intense DHW tapping. 

The heat pump performance is lower when it operates in DHW mode with respect to SH mode: 
this is because the supply water temperature for DHW is 52°C, which is close to the operational 
bound where COP is lower. The differences in SCOP between the different apartments are 
very little because they work in similar operation conditions apart of the time of the day.  

SPF values are calculated as the ratio between the thermal energy delivered to the final use 
(heating or DHW) and the electric energy of the heat pump plus the brine distribution pumps 
(risers and ground loop). The SPF for DHW is close to 2 due to the high supply temperature 
(which is required as explained above) and the pumping electric consumptions, which is a 
impacting share of the total electric consumption, as shown in Figure 108. 

HP in heating mode shows higher performance with respect to an air-to-water HP thanks to 
the higher temperature of the water loop at the source side. HP performance are influenced by 
the compressor speed. Most of the time, the heat pump works between the minimum speed 
and 50% of the maximum speed, where the COP curve is lower. This is due to the oversize of 
the heat pump capacity. 

Table 47 – KPIs referred to the apartments of a mid-floor, simulated with the average occupancy scenario 

Dwelling number   1 2 3 4 5 6 

floor area m2 80 80 56 56 80 80 

Heating energy use kWh/m2 24.4 31.4 23.4 28.0 24.0 25.7 
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DHW to USERS kWh 1628 1628 1139 1139 1628 1628 

SCOP heating - 4.13 4.22 4.12 4.19 4.11 4.15 

SCOP DHW - 2.40 2.40 2.40 2.40 2.40 2.40 

SPF heating - 3.20 3.24 3.16 3.18 3.19 3.21 

SPF DHW - 1.95 1.95 1.93 1.93 1.95 1.95 

Thermal energy use and electricity for DHW and for SH is summarized in Figure 107. 
Depending on the dwelling exposition, thermal energy for space heating varies while DHW use 
depends on the dwelling size. Electricity consumption is proportional to thermal use as already 
explained with the COP values. 

 

Figure 107 – Thermal and electric energy use for each apartment of a reference mid-floor 

 

 

Figure 108 – Thermal energy use and electric consumption for heating and DHW of the typical mid-floor 
with average occupancy (a) and electric consumption share of the system (b) 

For the estimation of electricity consumption of the heat pump, the procedure explained in 
section 3.4.2.2 has been adopted. The estimated electricity consumption is 130 MWhel/year. 
This is the sum of 42 MWh for heating, 73 MWh for DHW production and 28 MWh for the brine 
pumping to the floors. The consumption of the pumps was evaluated as a linear function of the 
source side flow, assuming that the flow rate depends linearly on the number of active heat 
pumps at each time-step. 
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4.6.1.4 Performance comparison pre- and post-retrofit 

The pre-retrofit and the post-retrofit scenario, including the HVAC system renovation, are here 
compared in terms of primary energy (PE). This allows the comparison between different 
energy sources, like the gas of the boiler pre renovation and electricity of the heat pump. 

Despite the DHW demand has been assumed to be the same before and after retrofit, primary 
energy used for covering this load is reduced 17% by changing from the gas boiler to the heat 
pump.  

Interventions on the envelope reduces heating demand by 45% while the replacement of the 
gas boiler system with decentralized ground source heat pumps decrease of 80% the 
consumption of Primary Energy for space heating.  

By considering all the demands of the building, Primary Energy consumption decreases from 
99 to 37 kWh/m²∙y with a total energy saving of 62%. 

Table 48 – Post-retrofit interventions - Energy consumptions for space heating/cooling and DHW 

DHW  Unit PRE POST SAVINGS 

Thermal energy for DHW use kWh/m²∙y 20 20 0% 

Electric energy for DHW kWh/m²∙y  9.9  

Gas energy for DHW kWh/m²∙y 25   

Efficiency / COP - 0.8 2.4  

Primary Energy for DHW kWh/m²∙y 27.5 22.8 17% 

SPACE HEATING     

Thermal energy for heating  kWh/m²∙y 52.2 29.3 45% 

Electric energy for heating  kWh/m²∙y  6.3  

Gas energy for heating kWh/m²∙y 65.2   

Eff. / COP - 0.8 4.2  

Primary Energy for heating kWh/m²∙y 71.7 14.5 80% 

TOTAL     

Electric energy kWh/m²∙y  16.7  

Gas energy kWh/m²∙y 58   

Primary Energy kWh/m²∙y 99.2 37.3 62% 

4.6.2 Comfort and healthiness comparison 

The KPIs adopted to evaluate the comfort is the weighted discomfort time (WDT). The single 
discomfort occurrences are very limited, maximum WDT=0.5°C h (see Table 49). However, 
the most penalized apartment of a generic mid-floor, which is the North oriented one, has a 
significant WDT over the year (sum of all the discomfort occurrences in a year). This means 
that discomfort conditions occur several times over the year although for short time and for a 
small temperature difference from the set point and the actual dwelling temperature. A possible 
solution to overcome this issue is to allow a slight overheating of the room with respect to the 
setpoint (+0.5°C), when a hot water tapping is foreseen. This kind of advanced control has not 
been investigated in the presented study. 
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Table 49 – Comfort indicator per dwelling of a reference mid-floor 

Dwelling number   1 2 3 4 5 6 

Floor area m2 80 80 56 56 80 80 

max ambient WDT °C  h 0.5 0.5 0.3 0.3 0.3 0.3 

tot ambient WDT °C  h 22 38 8 11 18 14 

 

4.6.3 Economic performance 

For the analysis on the operative costs for the Salford demo case, the gas price has been 
assumed to be 0,0632 €/kWh [15] and electricity 0,2159 €/kWh [14]. 

The small energy savings for the DHW production becomes an increase of energy costs when 
moving from the existing to the post retrofit case. The savings obtained on space heating are 
almost null on the total costs savings (2%) when all the building uses are considered (see 
Table 50).  

This result is the consequence of a unitary cost of electricity that is three times higher than 
natural gas. For the specific case, a favourable tariff together with optimized control strategies 
that reduce the auxiliaries consumption can reduce the total energy cost. 

Table 50 – Operating cost per apartment: comparison between the pre-retrofit and post-retrofit scenario 

Cost Unit PRE (Standard) POST w/o PV Savings 

Space heating € 330 109 67% 

DHW  € 126 171 -35% 

TOTAL € 293 288 2% 

 

4.7 Pinerolo demo case performance 

4.7.1 Energy performance 

4.7.1.1 Pre-intervention scenario 

The behaviour of the Pinerolo demo building has been simulated for a whole year assuming 
the thermal characteristics before renovation. This result is used for a comparison with 
performance after renovation and for an assessment of the potential energy and costs savings. 

The energy demand for heating and cooling before the renovation is reported in Figure 109. 
The dwellings have quite different exposures and S/V ratios between each other, but it can be 
noted as the heating demand is mainly influenced by the presence of external surfaces and, 
in particular, of external ceilings. The dwellings with one external slab present higher heating 
demand. For space cooling, the demand depends on the exposure having higher cooling 
demand the south oriented dwellings. The average heating demand of the building  pre-retrofit 
amounts to 90 kWh/m²y while space cooling amounts to 13 kWh/m²y. 
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 DWELLING NUMBER  HEATING DEMAND  COOLING DEMAND 

     90 kWh /m2  13 kWh /m2 

            

third floor  9 10   117 104   17 23 

second floor 7 6 8  100 76 79  14 13 18 

first floor 4 3 5  69 77 87  12 9 10 

ground floor 2 1 garage  101 87    5 7   
Figure 109 – Energy demand for heating and cooling for the Pinerolo demo case building before 

renovation.  

The monthly thermal balance of the building is shown in  Figure 110. Space heating is mainly 
concentrated between November and March, touching partly also October. Cooling demand is 
instead present form June do August. Thermal heat transfer by transmission is negative also 
during summer, which means that, in average, thermal losses through the envelope during the 
night is higher than the transmission gain in the daytime. 

 

Figure 110 – Monthly thermal balance of the building in the pre-retrofit scenario. From the Legend, space 
HEATing, VENTilation, INTernal gains, SOLar gains, INFiltrations, space COOLing, TRANSmission losses.  

4.7.1.2 Post-intervention scenario – Building  

Based on the simulations, the intervention on the envelope can reduce heating demand from 
90 kWh/m2 to 15 kWh/m2 which corresponds to a reduction of 83%. Regarding the cooling 
demand, which is already quite low for the pre-retrofit scenario, the insulation of the envelope 
and the windows replacement does not lead to a reduction of the demand. This is because the 
envelope, in addition to limiting the heat input by transmission during the hottest summer hours, 
it also limits thermal losses during the night. The dwellings with higher energy demand are still 
the ones at the last floor. However, after the renovation, the energy needs are more 
homogeneous among the dwellings. 
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 DWELLING NUMBER  HEATING DEMAND  COOLING DEMAND 

     15 kWh /m²  13 kWh /m² 

            

third floor  9 10   25 18   14 19 

second floor 7 6 8  16 13 15  11 13 16 

first floor 4 3 5  9 13 19  11 11 10 

ground floor 2 1 garage  14 10    8 13   
 Figure 111 – Energy demand for heating and cooling for the Pinerolo demo case building before 

renovation.  

As it can be noted in the monthly thermal balance of the building in Figure 112, in the post-
retrofit scenario thermal losses through the envelope are sensibly reduced, and consequently 
also the heating need. Losses by ventilation is reduced as well, especially during the coldest 
months, thanks to the high efficiency mechanical ventilation units with heat recovery. 

 

Figure 112 – Monthly thermal balance of the building in the post-retrofit scenario. From the Legend, space 
HEATing, VENTilation, INTernal gains, SOLar gains, INFiltrations, space COOLing, TRANSmission losses 

4.7.1.3 Post intervention scenario – HVAC system 

After the renovation, a consistent share of renewable energy is used, thanks to the installation 
of the air source heat pump for heating and cooling (aerothermal energy), solar thermal 
collectors for DHW production and photovoltaic field for electric energy use (solar energy). 

The two control approaches described in the modelling section are here compared to each 
other and results are shown for both cases. 

Regarding the domestic hot water, results in terms of energy produced, lost and delivered, are 
presented in the following. DHW energy production by heat pump and solar thermal collectors 
and energy delivered to the user, including the thermal losses of the distribution pipes and the 
storages at dwelling level are shown in Figure 113. The net production shares from STC and 
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from the boiler are evaluated at the solar HX and the boiler HX, respectively (see Table 11 for 
the definition of solar HX and boiler HX).  

By comparing the two graphs in Figure 113, one referred to the baseline control and the other 
to the improved control, it can be observed the increase of solar production, especially during 
summer. The annual solar fraction is increased from 7% in the case with basic control to 34% 
in the case of improved control. It is also worth noting that thermal losses increase, because 
of the increased average temperature in the pipes and in the storages. However, the energy 
from the boiler, and therefore the gas consumption, in the case with improved control with 
respect to the basic control is decreased by 26%. 

 

Figure 113 – Monthly thermal balance of DHW energy production (from STC and from the boiler) and 
energy use (including losses) for the system with improved control (above) and with baseline control 

(below). 

 

The difference in the charging modes of the Pink storage described in Par. 3.5.2.1, significantly 
affects the charging duration, the frequency of the charges, and the amount of energy stored 
in the Pink tanks. The graphs below are meant to show that i) the quantity of energy delivered 
to the Pink storages is larger in the improved control, because of the adoption of the second 
sensor at the bottom of the storage that allows to fully exploit the storage capacity and 
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stratification, and ii) with the solar mode (which is introduced in the improved control), less 
energy per hour is delivered to the Pink storages, since the solar energy is transferred to more 
than one Enerboxx at the same time. However, the total solar energy delivered to the Pink 
storages is higher with the improved control because of the bigger number of charging cycles. 

 

 

Figure 114 – Hourly thermal energy transfer from the Pink internal heat exchanger, over the year in the 
case of improved control (above) and in the baseline control case (below) 

 

Regarding the electric energy use, there are different considerations for winter and 
summer/mid-seasons. During winter, the improved control can lower the heat pump electric 
consumption, mainly because of the lower supply temperatures for heating. During the 
seasons in which the solar mode operation is frequent, the improved control leads to a higher 
use of solar energy and, consequently, to a higher pumping consumption of the STC pump. 
This is reflected in slightly higher total electricity use, especially during mid-seasons, while 
during warmest months, like July, this effect is partly compensated by a lower consumption of 
the HP for cooling, and the total electricity use remains practically unchanged (see Figure 115).  



 

 

www.BuildHeat.eu  Page 102 of 111 

 

 

Figure 115 – Monthly electric energy shares of the whole system. The graph above is referred to the 
improved control and the one below to the baseline control. 

 

The 66 photovoltaic modules on the roof of the building after the renovation can cover part of 
the electric use of the building. However, the absence of an electric storage, limits the self-
consumption of PV production to the periods in which the demand matches the solar energy 
availability. Therefore, without a demand-side management, the PV self-consumption amounts 
to 26% in the baseline control and to 31% in the improved control. The electric self-sufficiency, 
that is the amount of the building loads covered by PV energy, is 43% in the baseline control 
and 46% in the improved control. It is worth noting that the improved control is not aimed at 
increasing the PV self-consumption or the self-sufficiency. However, it has a positive impact 
on both. Regarding the monthly distribution, the graphs in Figure 116 shows the total electric 
consumption besides the total PV production, as sum of the self-consumption energy and the 
energy to the grid. 
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Figure 116 – Monthly self-consumption, energy to the grid and total electric consumption. The graph 
above is referred to the improved control and the one below to the baseline control. 

Finally, it is interesting to see the impact of the improved control on the HP performance, which 
is positive for heating production of about 0.5-0.8 point as it is shown in Figure 117. This is 
mainly due to the lower supply water temperature due to the change of the climatic curve 
working points. The lower temperature is still sufficient to maintain the ambient setpoint of 20°C 
over the winter without creating thermal discomfort. HP performance is improved for cooling 
too thanks to the improved control. 
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Figure 117 – Frequency distribution of the outdoor temperature and the time of activation of the HP for 
heating and cooling in the improved control (above) and in the baseline control (below) 

 

4.7.1.4 Performance comparison between pre and post retrofit 

In this paragraph and the final considerations, simulations with the improved control is 
considered as reference for the post-retrofit scenario. 

The pre-retrofit and the post-retrofit scenario, including the HVAC system renovation, are here 
compared in terms of primary energy (PE) consumption. This allows to sum energy use of 
different generation systems such as the boiler used in the pre-retrofit case and the heat pump 
of the post-retrofit case. The PE reduction is shown in Table 51. In the post-retrofit scenario 
considering also the share covered with PV, PE is reduced by 66% with respect to the pre-
retrofit scenario.  

Looking at the single uses, in post retrofit DHW is covered by gas boiler and solar energy. The 
contribution given by the thermal collectors reduces Primary Energy consumption for this load 
of 16%, included the additional electricity consumption for the pump of the solar circuit. 

The main reduction in terms of energy demand is verified for space heating moving from 90 to 
16 kWh/m²∙y. The replacement of the gas boiler with a heat pump for space heating production 
results in a total Primary Energy savings of 87%.  

Space cooling and mechanical ventilation were not present before renovation, therefore these 
consumptions are additional in the post intervention case. Despite this, Primary Energy 
reduction thanks to the interventions is reduced from 152 to 58 kWh/m²∙y. The contribution of 
the PV system decreases the consumption up to 51 kWh/m²∙y. 
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Table 51 – Post-retrofit interventions - Energy consumptions for space heating/cooling and DHW 

DHW  Unit PRE POST SAVINGS 

Thermal energy for DHW use kWh/(m²y) 20 20  

Electric energy for DHW kWh/(m²y)  1  

Gas energy for DHW kWh/(m²y) 25 19 24% 

Primary Energy for DHW kWh/(m²y) 27.5 23.2 16% 

SPACE HEATING     

Thermal energy for heating  kWh/(m²y) 90 16 82% 

Electric energy for heating  kWh/(m²y) - 7  

Eff. / COP - 0.8 2.3  

Gas energy for heating kWh/(m²y) 113   

Primary Energy for heating kWh/(m²y) 124 16 87% 

SPACE COOLING     

Thermal energy for cooling  kWh/(m²y) -  14  

Electric energy for cooling  kWh/(m²y) -  4  

EER - - 3.8  

Primary Energy for DHW kWh/(m²y) - 9 +100% 

VENTILATION     

Electric energy for cooling  kWh/(m²y) - 4  

Primary Energy for DHW kWh/(m²y)  9 +100% 

TOTAL     

Electric energy kWh/(m²y) - 16  

Gas energy kWh/(m²y) 138 19  

Primary Energy kWh/(m²y) 152 58 62% 

Primary Energy w/ PV kWh/(m²y) 152 51 66% 

4.7.2 Economic performance 

Assuming the cost of gas equal to 0.0632 €/kWh [15] and the cost of electricity equal to 0.216 
€/kWh [14], the energy costs for an average apartment of 90 m² are reported in Table 52. 
Simulation results show that it is possible to save 57% of the operating cost in a year after 
renovation works.  

Table 52 – Operating cost per apartment: comparison between the pre-retrofit and post-retrofit scenario 

Cost Unit PRE (Standard) POST w/o PV POST w/ PV Savings 

Space heating € 643 136  79% 

Space cooling €  78   

DHW  € 142 128  10% 

Ventilation €  78   

TOTAL € 785 419 338 57% 
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5 Discussion and conclusions 

The increasingly urgent need of reducing energy consumption leads to the development of 
new solutions for the building retrofit. 

In this context, this document reports on the renovation packages studied, developed and 
implemented in three demo cases. After a description of the buildings and the adopted 
solutions, the system models and control are illustrated. Energy performance and 
consumptions are showed and commented in the last part of the document. 

The results of the three cases showed that the intervention on the envelope, although with 
small insulation layers (from 6 to 16 cm) and windows replacement with double glazed ones, 
can reduce the building demand by 45-80% with respect to the case before the renovation, 
assuming same building use (i.e. same set point temperature in the zones). 

When replacing the existing gas boiler or electric heaters with a heat pump, energy savings 
are significant. The four cases use three different types of heat pump: decentralized air-to-air 
heat pump in Zaragoza, centralized air-to-water heat pump in Rome and Pinerolo, and 
decentralized water-to-water heat pump in Manchester. 

This technology can reduce the consumption of final energy thanks to high COPs and EER 
with respect to a gas boiler. However, an appropriate control of this kind of configuration is key 
for guaranteeing low consumption. 

The Zaragoza demo case utilized decentralized air-to-air heat pumps able to produce space 
heating and cooling, and DHW too. Each machine is coupled with a PV field and an inverter 
able to exploit produced renewable energy. Despite the building before renovation was already 
insulated, comfort conditions were very low due to the electric heating heaters. Windows 
replacement and the insulation of external surfaces helped to reduce the building demands of 
one third if compared with the non-comfort conditions pre-retrofit, up to 60% if same internal 
temperatures are considered. Moreover, the adoption of the air-to-air heat pump for space 
heating and cooling contributes to increase internal comfort conditions, as cooling load was 
not covered, with lower energy consumption thanks to the much higher COP and EER of the 
heat pump with respect to electric heaters. Due to the heat pump typology, mechanical 
ventilation, and therefore hygienic change rates, is included contributing to a better air quality. 
Thanks to the coupling of the heat pump with the PV production, despite the additional 
consumption due to cooling and mechanical ventilation, the total energy savings amount to 
85% (see Figure 119). 

A centralized air-to-water heat pump system that provides space conditioning and DHW 
production can exploit the non-simultaneity of loads and optimize the working operation of the 
machine. However, a disadvantage of this system is the high thermal losses along the re-
circulation circuit for the DHW load. This aspect has been limited thanks to the use of 
decentralized storage tanks that are charged few times per day avoiding recirculation water. 

If the heat pump is associated to a solar thermal system and/or a PV system, the energy 
consumption can be further reduced. The solar share of DHW production with solar thermal 
collectors is 46% that means that almost half of the yearly DHW demand is covered by solar 
energy. Lower fraction of self-consumption is verified for the PV use due to the intermittent 
work of the heat pump when there is solar availability. 12% of electric consumption covered by 
PV can be increased if advanced control strategies are implemented.  

For the Rome demo case, the primary energy reduction from the case before retrofit with a 
gas boiler to the case after retrofit with a centralized air-to-water heat pump, decentralized 
water tanks, PV system and solar thermal system amounts to 51% with increased comfort 
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conditions thanks to the implementation of a cooling and mechanical ventilation system. (see 
Figure 118). 

The Manchester demo case building insulated the envelope and replaced the windows. This 
action helped to reduce the building demand of 45%. Moreover, in each apartment it is installed 
a water-to-water heat pump, all exchanging heat with vertical geothermal probes installed in 
front of the building. The advantage of this solution is the higher working performance of the 
heat pumps that operates at temperatures higher than external air with consequent higher 
COPs and lower electric consumption. Despite this, the consumption of the hydraulic pump of 
the circuit through all the heat pumps is not negligible. With respect to a centralized system, 
thermal losses are reduced as the generation units are decentralized in each apartment. The 
adoption of an appropriate control is able to reduce optimize the management of the whole 
system. The studied solution and interventions assess a reduction of Primary Energy 
consumption for space heating and DHW of 62% (see Figure 120). 

In the Pinerolo demo case, the existing gas boiler has been coupled with a solar thermal 
system for the DHW production and an air-to-water heat pump for space heating. Solar 
contribution reduces gas consumption of 24% along the year. Intervention on the envelope 
and the use of a heat pump decrease the energy consumption for space heating of 87%. 
Considering the additional consumptions for space cooling and mechanical ventilation, and the 
contribution of the PV system, energy consumption for all the uses are assessed to be reduced 
of 66% along the year. In Figure 121, PV contribution is accounted for the total on all the uses. 
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Figure 118 – Primary energy consumption reduction pre-retrofit, post-retrofit and with PV contribution for 
the Zaragoza demo case 

 

Figure 119 - Primary energy consumption reduction pre-retrofit, post-retrofit and with PV and solar 
thermal contribution for the Rome demo case 

  

-50

50

150

250

350

450

550

650

750

850

950

Heating Cooling DHW TOT

P
ri

m
ar

y 
e

n
e

rg
y 

[M
W

h
/y

]

Zaragoza demo case

Pre-retrofit Post-retrofit Final w/ PV

88%

0

100

200

300

400

500

600

700

800

900

1000

Heating Cooling DHW TOT

P
ri

m
ar

y 
en

er
gy

 [
M

W
h

/y
]

Rome demo case

Pre-retrofit Post-retrofit Final w/ renewable energy

61%



 

 

www.BuildHeat.eu  Page 109 of 111 

 

Figure 120 - Primary energy consumption reduction pre-retrofit, post-retrofit and with optimized control 
strategies for the Manchester demo case 

 

Figure 121 – Primary energy consumption reduction pre-retrofit, post-retrofit and with the contribution of 
PV system for the Pinerolo demo case 
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