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Abstract 

With the development of smart cities models, an electric 

market with variable hourly costs will be available. For a 

reference building-plant system with radiant emitters 

supplied by electric heat pumps simulated in TRNSYS 18, 

energy, economic and comfort evaluations have allowed 

to investigate on the role of the building thermal mass to 

manage the mismatching between favourable electric 

costs and thermal loads request. A parametric study was 

carried out by varying the thermal mass of external walls, 

the thermostats dead band and the heat pump control 

strategy, taking into account also the price of the local 

electric market for wholesalers. 

Introduction 

Thermal inertia in buildings represents a significant 

parameter affecting heating and cooling demands 

(Verbeke and Audenaert, 2018; Carpino et al., 2016) and, 

when managed opportunely, lead to noticeable economic 

savings (Li et al., 2019). In particular, the latter could be 

attained in buildings equipped with radiant systems 

supplied by an electric heat pump (Bruno et al., 2019; 

Bruno et al., 2018). Indeed, the radiant exchange allows 

for the thermal power transfer among the in view opaque 

structures, employing the building as an alternative 

storage system (Navarro et al., 2016). Furthermore, 

economic savings are achieved by coordinating the 

electric heat pump operation with period characterized by 

favourable electricity costs (Nolting and Praktiknjo, 

2019). The development of the future models of Smart 

Communities, in fact, will make available for users an 

electric market with volatile costs, in accordance with the 

same rules currently available for electric wholesalers 

(Nicoletti et al., 2016). Usually, the electricity price can 

be predicted with an advance of 24 hours, therefore the 

heat pumps operation could be planned taking into 

account the functioning of other electric devices by 

improving the DSM (Demand Side Management), 

allowing also for a better exploitation of renewable 

systems (Arteconi et al., 2013). Therefore, smart devices 

interfaced with the grid could activate heat pumps in 

function of the electricity price. Furthermore, the 

exploitation of the building thermal mass can be improved 

by means of overheating or undercooling strategies by 

acting on the zone thermostats (Klein et al, 2017). In this 

paper, regarding a reference building-plant system 

equipped with radiant ceilings supplied by an electric air-

water heat pump, dynamic simulations carried out in 

TRNSYS 18 environment (VV.AA., 2017) have allowed 

to investigate on the role of the building thermal inertia to 

achieve energy and economic savings, in the respect of 

acceptable thermal comfort conditions. In particular, for 

the whole year electricity consumptions, economic 

expenses and operative temperatures, were evaluated. The 

role of the thermal inertia was investigated by considering 

two different layering of vertical external walls. Instead, 

the variation of the thermostats dead band, which 

produces different heat pump activation times, has 

allowed to investigate on different economic scenario due 

to the volatile electric prices.  

Data  

Case study  

The reference building-plant system was simulated in a 

Mediterranean climatic zone (Rende, South Italy, Lat. 

39.3°N) with cooling dominant characteristic. At this 

purpose, experimental weather data provided at hourly 

level by the actinometrical station of the University of 

Calabria, see Figure 1 (Bevilacqua et al., 2017), were 

employed. The reference building fabric is a real 

articulated edifice constituted by three different thermal 

zones, and therefore simulated by TYPE 56 “Multi-zone 

building”, and it is represented in Figure 2. In particular, 

the building is equipped with a ground floor (zone “GF” 

with a dispersing floor toward a not-conditioned 

basement), a first floor “FF” (equipped with not-

dispersing horizontal surfaces) and a conditioned attic 

“SF” on the second floor with a tilted dispersing roof. The 

simulation time-step was set to 0.25 hours. For the energy 

and comfort analysis, every thermal zone is modelled by 

a single air-node. Glazed surfaces (with negligible 

thermal mass) are present on every orientation with 

different areas, and they are constituted by a double clear 

glass (normal solar factor of 75%) and a 20% of wooden 

frame, for a global thermal transmittance of 2.4 W/m²K. 

Overhangs or wing-walls shade some transparent 

surfaces. The natural ventilation produces 0.5 air-change 

per hour for each thermal zone, where an endogenous 

heating flux of about 4 W/m² (whose 50% is radiative) 

was set in accordance with national standard (UNI/TS 

11300-1, 2014). The global conditioned surface amounts 

to 357 m², with a gross volume over 1110 m³ and a S/V 

ratio (gross dispersing surfaces to gross conditioned 

volume) of 0.63. In each floor, 117 m² of internal 

(adiabatic) walls, to form additional thermal mass, were 

considered together the internal floor decks. 
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Figure 1 – Daily monthly solar radiation on the 

horizontal plane vs monthly average external air 

temperature measured in 2017 for the considered locality  

 

Figure 2 – Reference building envelope in TRNSYS3D  

Heating and cooling loads are provided by integrated 

radiant ceilings, depicted in Figure 3, supplied by a water 

flow rate activated by hydraulic pumps in function of the 

zone thermostat signal. The pipes, incorporated in a 

plasterboard layer thick 2.5cm, have an internal diameter 

of 0.5 cm (capillary tubes) with a pitch of 5 cm (Bruno et 

al., 2015). The same plasterboard is insulated on the upper 

side by means of an EPS layer with a thermal resistance 

of 1.67 m²·K·W-1. The mentioned geometrical and 

thermal properties were chosen in order to confer 

calculation stability due to software constraints. Then, 

every radiant ceiling was divided in four segments 

connected in series, with the outlet water temperature of a 

segment equal to the inlet water temperature in the 

successive one, in order to consider the fluid temperature 

variation. The active surface corresponds with the 

available ceiling area, whose convective heat transfer 

coefficients are determined internally in function of 

surface and indoor air temperatures (VV.AA., 2017). 

 

 

 

 

 

 

Figure 3 – Sketch of the integrated radiant ceiling  

For the radiative exchange, a solar absorption coefficient 

of 0.30 and a longwave emission coefficient of 0.90 were 

set. In order to rationalize the management of the 

conditioning plant, three different control strategies were 

considered, neglecting in every case the aspects 

connected with the human behaviour:  

- by following the thermal loads, independently 

from the electric energy costs (reference 

scenario, control 1); 

- by varying linearly the thermostat set-point in 

function of the electricity costs on daily basis, 

with the latter identified in advance for the next 

day (control 2); 

- by activating the heat pump when the hourly 

electricity cost is lower than the average daily 

cost (determined in advance the prior day, 

control 3). 

Simulation assumptions: the heat pump 

Simulations were carried out by setting for the radiant 

ceilings constant inlet temperature: 35°C in winter and 

15°C in summer. The required water flow rates are 

provided by an electric air-water heat pump sized by 

preliminary simulations and directly connected to the 

emitters, with nominal heating and cooling powers equal 

respectively to 8.25 kW and 8.00 kW. The correspondent 

coefficients of performance are COP=3.58 and EER=2.55 

and their trends in function of the outdoor temperature are 

reported in Figure 4a (heating) and in Figure 4b (cooling). 

Furthermore, the mentioned nominal values refer to 

outdoor air temperatures of 7°C and 35°C respectively. 

These features are employed by the TRNSYS heat pump 

model TYPE 917 in order to evaluate the actual absorbed 

electric energy, in function of the source temperatures and 

the capacity ratio (ASHRAE, 1983). An integrative winter 

generator was not considered due to the favourable 

bivalent temperature of -7°C. In order to develop control 

strategies in function of the electricity costs, the following 

procedures were implemented: 

- by knowing in advance the minimum and 

maximum electricity costs for the successive 

day, the thermostats set-point is varied linearly 

by associating in winter 21°C to the minimum 

cost and 19°C to the maximum one, whereas in 

summer a value of 24°C for the minimal cost and 

a value of 26°C for the maximum one; 

- the daily electricity average cost, determined in 

advance during the prior day, is compared with 

the current hourly cost in order to activate the 

heat pump if the latter is lower than the first one. 

Simulation assumptions: electricity costs 

The hourly electric costs were used for economic 

evaluations and were obtained for the same reference year 

(2017) from the national institute for the management of 

the electric grid, observing the trend shown in Figure 5 

(GME, 2019). In the local reference electric market, these 

costs are determined as sum of the electricity generation, 

transportation and electric meter management, system 

charges and taxes. 
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Figure 4 –Thermal power and COP (a) for a supplied 

temperature of 35°C and cooling power and EER (b) for 

a supplied temperature of 15°C in function of the outdoor 

air temperature, for a full capacity ratio  

The correspondence between climatic data and electric 

costs is affected by the PV contribution in the Italian 

energy stock. The lowest costs occur in summer due to the 

large PV production, whereas in winter the cost is about 

the 30% more expensive. The 2017 average electricity 

cost amounts to 0.223 €/kWh, with a peak of 0.380 €/kWh 

during in December and the lowest cost of 0.164 €/kWh 

in April. In winter, the lacking of solar irradiance 

determines more elevated electricity costs (Figure 6a), 

conversely the availability of solar irradiance produce 

limited costs especially in the middle hours of the day 

(Figure 6b). In summer, the electricity costs are 

favourable in the early morning, successively they are 

negatively affected by the conditioning needs (Figure 6c).  

 

Figure 5 –Annual trend of the hourly electricity costs for 

the final users in 2017 and in the considered local market  

Methods 

The TRNSYS model has allowed the precise evaluation 

of the building-plant energy performances, determining 

the actual electric energy absorbed by the heat pump and 

the correspondent sustained costs, in function of the heat 

pump capacity ratio and the weather data. In order to 

identify the best building-plant configuration and the best 

control strategy for the heating/cooling plant, also thermal 

comfort conditions were determined, by means of the 

zone operative temperatures and in accordance with two 

procedures of the EN ISO 15251 (EN ISO 15251, 2007): 

- the percentage of hours determined when the 

operative temperature exceeds the comfort 

intervals, set in 19-21°C during winter and 24-

26°C in summer; 

- the cumulative operative temperature differences 

(in absolute term) exceeding the interval limit 

values, evaluated with a switched-on plant. 

The different control strategies, the building thermal 

masses and the considered thermostat dead bands 

determine the different building-plant operations. The 

layering of the two external walls are described in  

Table 1 and Table 2 varying, at parity of total thickness 

and thermal transmittance, the specific thermal capacity 

in order to consider the variation of the energy 

performances exclusively with the different thermal 

masses. The first wall layering is a typical solution for the 

considered climatic zone (“lightweight” configuration), 

the second one is more heavy by adding a layer of solid 

clay bricks (“heavyweight” configuration) on the inner 

side. In the first case, internal and external surface thermal 

capacities (EN ISO 13786, 2017), result 53.5 kJ m-2K-1 

and 23.8 kJ m-2K-1 respectively. For the other solution, the 

same parameters assume the value of 60.6 kJ m-2K-1 and 

29.0 kJ m-2K-1. Regarding the thermostat dead bands, 

three values were chosen: 0.5°C, 1°C and 2 °C. 

Preliminary simulations have shown that the combination 

of different thermal masses and dead band values, 

associated to weather data, produced noticeable variation 

in the heat pump functioning. 

Table 1- Layering of the “lightweight” external wall 

Layer 
Thickn

ess  
[m] 

Thermal 

conductivity 
 [W·m-1·K-1] 

Specific 

Heat 
 [J·kg-1·K-1] 

Density  
[kg·m-³] 

Int.Plaster 0.02 0.822 800 1400 

Hollow 

brick 
0.30 0.349* 800 1800 

XPS 0.06 0.036 800 55 

Plaster 0.02 0.822 800 1400 
*equivalent value 

In Figure 7, the operative temperature trends, in function 

of the three dead bands, is shown for the FF zone (with 

greater thermal mass due to the two internal floors) in the 

“heavyweight” configuration and for the period 1-3 

January 2017, starting from the same initial indoor 

temperature (20°C). 0.5°C dead band anticipated the plant 

activation, the operation times is more limited with a 

lower thermal energy stored in the structures, confirmed 

by a greater frequency of the plant switching-on. 
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Table 2- Layering of the “heavyweight” external wall 

Layer 
Thickn

ess  
[m] 

Thermal 

conductivity 
 [W·m-1·K-1] 

Specific 

Heat 
 [J·kg-1·K-1] 

Density  
[kg·m-³] 

Int.Plaster 0.025 0.822 800 1400 

Solid 

brick 
0.14 0.398 1100 2600 

Hollow 

brick 
0.15 0.305* 800 1800 

XPS 0.06 0.036 800 55 

Plaster 0.025 0.822 800 1400 
*equivalent value 

 

 

 

Figure 6 –Trend of the hourly electricity costs during a 

winter cloudy (a) and sunny day (b) and in summer (c) 

Passing to a dead band of 1°C, the first activation is 

delayed, due to a better thermal mass exploitation, and the 

zone autonomy (number of hours where the heating plant 

is off) increases of more of 2 hours. The 2°C dead band 

produces the major plant switch-off duration (two days) 

and the thermal zone autonomy is increased (32 hours). 

 

Figure 7 –Operative temperature for the FF thermal zone 

in the period 1-3 January 2017 for the considered 

thermostat dead band 

From a thermal energy requirement point of view, the 

variation of the dead band, at parity of building thermal 

inertia, does not produce substantial variations.  Indeed, a 

wider dead band determines a dilatation of the switching-

off times and a reduction of the operation frequency, 

however these aspects are counterbalanced by a wider 

plant activation times for the attainment of the indoor set-

point temperatures. By setting the dead band to 2°C, the 

goodness of the heavyweight configuration is observable 

by analysing the operative temperature trends in Figure 8, 

showing the comparison with the correspondent 

lightweight configuration. Firstly, due to the reduced 

building thermal inertia, operative temperatures are lower 

in the lightweight configuration, with differences also of 

0.5 °C, than the correspondent heavyweight 

configuration. Furthermore, the lightweight configuration 

cools quickly by producing an advance of 14 hours of the 

heating plant activation. Moreover, a noticeable 

increment of the plant activation frequency, with great 

fluctuation of the indoor temperatures, was observed. 

Results: energy evaluations  

For the whole building, the electric heat pump 

requirements are shown in Figure 9 in the heating period 

and in Figure 10 for the cooling one, by setting a 

thermostats dead band of 2 °C in the heavyweight 

configuration. 

 

Figure 8 –Comparison between the operative 

temperature in the period 1-3 January 2017 in function of 

the building inertia and for the same thermal zone 
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With reference to the control strategy 1, the control 3 

allowed for noticeable savings whereas scenario 2 

produced limited advantages. In particular, during winter, 

the electricity savings in scenario 3 amounted 

approximatively to 600 kWhe (-30.8%) whereas the 

scenario 2 to 154 kWhe (-6%). In summer, the heat pump 

operation increased due to the climatic context, 

consequently energy savings of 1147 kWhe for scenario 3 

(-57.4%) and of 136.5 kWhe for scenario 2 (-4.3%), were 

determined. The energy savings attained with the control 

strategies in function of the electricity costs are not 

connected exclusively with a reduction of the heat pump 

operation hours. Indeed, Figure 11 shows that control 3 

determines a slight increment of the operation hours in 

winter and a decrement only in summer. Therefore, in 

winter electric consumptions decrease despite a greater 

heat pump time functioning:  this reduction is justified by 

the decrement of the building thermal loads during the 

employment of the generation system. As depicted in 

Figure 6b, winter electricity costs are frequently limited 

in the middle hours of the day, with favourable outdoor 

temperatures, reducing thermal loads and the absorption 

of electric energy due to the best COPs. In summer, the 

control 3 is often employed in the early hours of the day, 

when the magnitude of the cooling loads is limited, and 

the contained external temperatures improve the EER. 

Moreover, the reduction of the heat pump operation 

increases the electricity savings.  Regarding the control 2, 

an increment of the heat pump operation hours can be 

observed than the other two strategies:  this increment is 

due to the overheating and overcooling procedures 

achieved by the dynamic regulation of the thermostats set-

points. However, the rational employment of the 

generation system, which is activated prevalently in the 

hours with the lowest costs, produces electric savings due 

to the favourable external air temperature with a 

consequent improvement of the heat pump coefficients of 

performance.  

In order to investigate on the role of the building thermal 

mass, in Table 3 the annual electric requirements 

determined in function of the thermostat dead bands and 

for the two building configurations, are listed. Clearly, the 

massive configuration provides electric savings for every 

dead band; however, these savings increase with the dead 

band growth only for the control 2 and 3. Conversely, in 

the reference scenario, the greatest electric saving is 

obtained with the lowest dead band due to the wider 

activation of the generation system. In terms of electric 

consumptions, the best solution is represented by the 

heavyweight configuration implementing control 3 and 

with a dead band of 0.5°C. The worst one is represented 

by the reference scenario with a 0.5°C dead band, because 

in these conditions the storage properties of the building 

fabric were not exploited adequately.  The comparison 

between these two solutions provides an annual electric 

energy saving of 2028 kWhe.  

Results: economic evaluations 

Because of the volatility of the electricity costs, the 

greatest energy savings could not coincide with the 

maximum economic savings.  

 

Figure 9 – Winter electric consumptions in function of the 

heat pump control strategies setting a thermostat dead 

band of 2°C (Heavyweight configuration) 

 

Figure 10 – Summer electric consumptions in function of 

the heat pump control strategies setting a thermostat dead 

band of 2°C (Heavyweight configuration) 

 

Figure 11 – Heat pump time operation differentiated 

among the heavyweight thermal zones in winter (win) and 

summer (sum) in function of the control strategies  

For this reason, in order to identify the solution more 

attractive for the final user, economic evaluations were 

carried out to quantify the economic expenses to sustain, 

in function of the building thermal mass, the heat pump 

control strategy and for the considered dead bands. In 

Figure 12, the annual electric expenses determined in 

function of the heat pump control strategies and for the 

considered dead bands, considering the two building 

configurations, are reported. 
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Table 3- Annual electric energy consumption (in kWh) in 

the two building configurations and for the three 

considered thermostat dead bands 

 Building configuration 

Dead 

Band  

Control 

strategy  
Lightweight Heavyweight 

0.5 

Reference 

scenario 
5900 5688 

Control 2 5285 5235 

Control 3 3899 3872 

1 

Reference 

scenario 
5756 5654 

Control 2 5395 5305 

Control 3 3973 3919 

2 

Reference 

scenario 
5853 5682 

Control 2 5588 5391 

Control 3 3996 3939 

 

Again, the massive configuration allows for the 

attainment of the greatest economic savings, with the 

lowest value of € 850 in correspondence of the 0.5 C dead 

band employing the control 3. However, substantial 

deviances were found only by varying the control 

strategies: with reference to the control 3, the reference 

scenario produces annual average extra expenses of about 

€ 400, whereas control 2 of about € 100. Instead, slight 

variations were detected varying the building thermal 

mass and the thermostat dead bands.  

From the point of view of the rational exploitation of the 

grid, for every case an average electric cost was 

determined as ratio between the required expenses to the 

correspondent electric consumptions. The lightweight 

building configuration with the heat pump managed by 

control 3 and thermostat dead band of 0.5°C has provided 

the lowest value (0.2192 €/kWhe), almost coincident with 

the analogous heavyweight configuration  

(0.2196 €/kWhe). The highest average electricity cost, 

instead, was found for the reference scenario and with the 

widest thermostat dead band, assuming the value of  

0.2282 €/kWhe (+4.1%). 

Results: thermal comfort evaluations 

In Table 4, the comfort indexes determined for every 

thermal zone are listed by varying the heat pump control 

strategy and the building thermal mass, with a thermostat 

dead band of 2°C, contemplating also the percentage of 

hours with Top<19°C in winter and Top>26°C in summer. 

The percentage of the hours where the operative 

temperature exceeded the comfort interval is noticeable, 

however the latter is due prevalently to winter overheating 

or summer undercooling. Indeed, the employment of 

radiant ceilings as emitters produces an evident influence 

on the thermal zone mean radiant temperature and, 

consequently, on the operative temperature. Conversely, 

winter undercooling or summer overheating have been 

detected in limited way, measuring negligible indexes, 

therefore thermal zones cannot be classified neither as 

slightly cool in winter and warm in summer, for each 

considered control strategy. In particular, the control 1 

provides always the best indexes, both in term of limited 

percentage of hours outside the comfort interval and of 

absolute cumulative temperature differences. 

 

Figure 12 – Annual electric expenses for the considered 

thermostat dead bands varying the control strategies 

However, these deviances are limited if compared with 

the same indexes determined by the control 3. For the 

latter, greater percentages than control 1 are due to the 

particular activation times of the emitters (middle hours 

in winter, early hours in summer) that contribute to 

increase/decrease the mean radiant temperature, whereas 

absolute cumulative temperatures assume values slightly 

greater than the reference scenario. The control 2 always 

provides the worst results connected to the overheating 

and undercooling strategies that produce a greater 

frequency of exceeded temperature intervals. The same 

analysis carried out for the lightweight building 

configuration have shown marginal differences. By 

reducing the thermostats dead band, comfort indexes are 

subjects to a natural improvement, due to the lowest 

indoor air temperatures fluctuation inside the thermal 

zones, as highlighted by the values listed in Table 5 and 

Table 6 by setting 1°C and 0.5°C as thermostat dead 

bands.  Globally, the worst results were determined for 

the FF zone with the control 2, due to large amount of 

available thermal mass, that produce a greater 

exploitation of the winter overheating and summer 

undercooling. Conversely, GF and SF thermal zones 

benefit of the wider dispersing surfaces that attenuate the 

mean radiant temperatures. 

Conclusions and Discussion 

The future spread of renewable sources and smart 

community models will make available an electric market 

where the electricity costs will vary at hourly level. In this 

context, also for the refurbishment of existing building, 

the employment of radiant systems supplied by electric 

heat pumps appears a very interesting solution. This 

building-plant system could be managed opportunely in 

order to attain energy and economic savings. Indeed, the 

building thermal mass could be opportunely exploited to 

manage the mismatching between the provision/removal 

of thermal loads and the availability of favourable 

electricity costs.  Suitable smart devices are already 

available in the market and, by knowing the electricity 

costs in advance by means of appropriate services, they 

activate electric devices in coordinated way, including 

heat pumps. Radiant emitters, instead, allow for the 

provision/removal of thermal loads from the building 

fabric, making it as a “sui generis” storage system. 
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Table 4 – Percentage of plant operation hours outside the 

considered comfort operative temperature intervals and 

absolute cumulative operative temperature quantified 

outside the same intervals, for the three thermal zones and 

in function of the heat pump control strategy and setting 

a thermostat dead band of 2°C 

Table 5 – Percentage of plant operation hours outside the 

considered comfort operative temperature intervals and 

absolute cumulative operative temperature quantified 

outside the same intervals, for the three thermal zones and 

in function of the heat pump control strategy and setting 

a thermostat dead band of 1°C 

L
ig

h
tw

ei
g

h
t 

Zone Control 
Top>21 

Top<19 

Top

<19 
wf,h 

Top<24

Top>26 

Top>

26 
wf,c 

GF 

1 36.1% 0.0% 140 0.0% 0.0% 0 

2 57.5% 0.1% 803 28.8% 0.0% 94 

3 32.6% 1.5% 165 0.4% 0.4% 0 

FF 

1 39.9% 0.0% 101 49.7% 0.0% 249 

2 67.6% 0.0% 418 75.1% 0.0% 4155 

3 45.1% 0.1% 103 41.1% 0.2% 176 

SF 

1 41.7% 0.0% 165 50.9% 0.0% 305 

2 61.1% 0.0% 504 65.9% 0.0% 787 

3 41.6% 0.3% 151 38.7% 0.7% 193 

H
ea

vy
w

ei
g

h
t 

Zone Control 
Top>21 

Top<19 

Top

<19 
wf,h 

Top<24

Top>26 

Top>

26 
wf,c 

GF 

1 34.1% 0.0% 126 0.0% 0.0% 0 

2 60.0% 0.0% 833 29.4% 0.0% 94 

3 33.3% 0.9% 169 0.2% 0.2% 0 

FF 

1 42.3% 0.0% 100 52.9% 0.0% 265 

2 68.7% 0.0% 394 71.0% 0.0% 708 

3 47.6% 0.0% 108 41.7% 0.0% 181 

SF 

1 41.3% 0.0% 158 52.5% 0.0% 312 

2 62.6% 0.0% 531 69.1% 0.0% 851 

3 42.7% 0.2% 147 40.2% 0.4% 191 

Table 6 – Percentage of plant operation hours outside the 

considered comfort operative temperature intervals and 

absolute cumulative operative temperature quantified 

outside the same intervals, for the three thermal zones and 

in function of the heat pump control strategy and setting 

a thermostat dead band of 0.5°C 

In this paper, energy, economic and comfort analysis of a 

reference building-plant system, equipped with integrated 

radiant ceiling and an air-water heat pump, were carried 

out by using the TRNSYS 18 software. In order to 

investigate on the role of the thermal inertia, a parametric 

study was conducted on a multi-zone building, by varying 

the thermal capacity of the vertical external walls, the 

thermostat dead band and by considering three different 

control strategies for the heating/cooling plant, connected 

with the grid electricity costs. Preliminary simulations, in 

fact, have shown that the investigated building-plant 

configurations, obtained by varying the mentioned 

parameters, produced different heat pump activation 

times, with consequent energy and economic scenarios.  

The first connected to the better coefficient of 

performance of the generation system, the second one due 

to the cost volatility. From an energetic point of view, by 

activating the heat pump when the hourly cost is lower 

than the daily average cost (control 3), with the latter 

determined in advance, noticeable electric savings can be 

detected: by setting a reduced thermostat dead band 

(0.5°C), 2028 kWhe can be saved at annual level if 

compared with a traditional control strategy where the 

heat pump is activated to follow the building thermal 

loads (reference scenario). Instead, more limited energy 

savings have been observed by varying dynamically the 

thermostat set-point temperatures in function of the 

electricity costs (control 2), actuating slight winter 

overheating or small summer undercooling when the 

electricity cost is favourable. Indeed, energy savings are 

largely counterbalanced by a wider heat pump operation 

to attain the dynamic thermostats set-points. The massive 
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Top<19 

Top

<19 
wf,h 

Top<24

Top>26 

Top>

26 
wf,c 

GF 

1 38.2% 0.0% 434 18.6% 0.0% 37 

2 62.6% 0.3% 1474 28.2% 0.1% 137 

3 49.7% 1.5% 494 24.2% 0.4% 37 

FF 

1 38.3% 0.0% 111 46.0% 0.0% 429 

2 64.4% 0.0% 586 57.8% 0.0% 604 

3 56.6% 0.1% 247 43.9% 0.0% 371 

SF 

1 39.6% 0.0% 197 47.1% 0.0% 512 

2 60.8% 0.1% 744 56.5% 0.0% 709 

3 53.8% 0.5% 342 41.6% 0.3% 391 
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Zone Control 
Top>21 

Top<19 

Top

<19 
wf,h 

Top<24

Top>26 

Top>

26 
wf,c 

GF 

1 38.0% 0.0% 420 20.1% 0.0% 43 

2 64.5% 0.1% 1585 27.4% 0.1% 130 

3 51.1% 1.1% 503 24.2% 0.1% 38 

FF 

1 37.5% 0.0% 119 47.8% 0.0% 439 

2 65.2% 0.0% 564 59.7% 0.0% 616 

3 58.0% 0.0% 245 45.3% 0.0% 381 

SF 

1 39.4% 0.0% 203 48.8% 0.0% 519 

2 62.4% 0.0% 788 59.2% 0.0% 739 

3 54.5% 0.3% 350 42.3% 0.1% 396 
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h
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g
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Zone Control 
Top>21 

Top<19 

Top

<19 
wf,h 

Top<24

Top>26 

Top>

26 
wf,c 

GF 

1 30.9% 0.0% 104 0.0% 0.0% 0 

2 57.3% 0.0% 668 33.6% 0.0% 88 

3 25.5% 1.5% 74 0.5% 0.5% 0 

FF 

1 13.1% 0.0% 31 39.6% 0.0% 87 

2 64.2% 0.0% 319 68.5% 0.0% 627 

3 28.3% 0.0% 43 25.0% 0.4% 52 

SF 

1 15.2% 0.0% 59 38.9% 0.0% 108 

2 59.6% 0.0% 447 67.6% 0.0% 760 

3 27.1% 0.5% 59 24.3% 1.0% 57 
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Zone Control 
Top>21 

Top<19 

Top

<19 
wf,h 

Top<24

Top>26 

Top>

26 
wf,c 

GF 

1 29.3% 0.0% 98 0.0% 0.0% 0 

2 58.8% 0.0% 681 33.5% 0.1% 91 

3 25.7% 0.8% 73 0.4% 0.4% 37 

FF 

1 14.0% 0.0% 34 40.0% 0.0% 88 

2 67.3% 0.0% 345 72.1% 0.0% 677 

3 30.6% 0.0% 48 26.4% 0.2% 56 

SF 

1 16.5% 0.0% 62 41.0% 0.0% 114 

2 60.4% 0.0% 470 70.9% 0.0% 779 

3 27.8% 0.4% 64 24.8% 0.4% 59 
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building configurations have provided always energy 

savings for every building-plant configuration and, by 

controlling the heat pump in function of the electricity 

cost, these advantages increase with the dead band 

growth. Despite the different heat pump operation times 

and the cost hourly variability, economic savings are 

connected with energy savings, observing the greatest 

advantages in the heavyweight configuration with 

reduced thermostat dead bands. Compared with the 

reference scenario, the annual average electric cost was 

lower than 4% and determined in 0.2192 €/kWhe. 

However, the reference scenario provided better results in 

terms of thermal comfort conditions, with indexes more 

favourable than control strategy based on the electricity 

costs.  However, the deviances with control 3 are marginal 

and these differences tend to decrease with the thermostat 

dead band reduction, especially for the building 

heavyweight configuration, confirming the goodness of 

this solution to attain energy, economic and comfort 

advantage simultaneously. 
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