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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Solid-state refrigeration technologies are considered nowadays emerging alternative to vapor compression refrigeration. In this 
paper is introduced a two-dimensional model of solid-state refrigerator, which employs materials experiencing a combined 
electrocaloric-elastocaloric effect and it operates at room temperature. A numerical investigation is performed to explore the 
energetic performance of the refrigerators. The results reveal that PbTiO3 as elastocaloric refrigerant confers the best 
performances in terms of COP; the highest cooling power estimated are proper of combined elastocaloric-electrocaloric effect, 
with increments around +65% than employing PbTiO3 in single electrocaloric/elastocaloric refrigeration, on equal operative 
conditions. 
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1. Introduction 

On the world stage, it has been estimated that refrigeration and air conditioning provoke 17% of energy 
consumption. The technology main responsible of such data is vapour compression (VC) since most of the 
refrigeration and air conditioning systems is based on. The refrigerants employed in VC have been multiple: from 
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CFCs and HCFCs, interdicted by the Montreal Protocol [1] because of their capability to deplete the stratospheric 
ozone level (ODP, Ozone Depletion Potential), onward HFCs, without ODP but with a significant GWP (Global 
Warming Potential), whom are actually the only fluorinated fluids avoided. As a matter of fact, even if nowadays the 
contribution consists of 1% of all over the world greenhouse gases ones, HFC’s emission are growing by 8-9% 
annually [2].  

Nomenclature 

C specific heat, [J kg-1 K-1] 
COP       Coefficient of Performance  
E electric field, [V m-1] 
H magnetic field [A m-2] 
k thermal conductivity, [W m-1 K-1] 
m mass flow rate, [kg s-1] 
M magnetization, [A m] 
p pressure, [Pa] 
P polarization, [C m-2] 
Q thermal energy, [J] 
Q  thermal power, [W] 
Q heat source term, [W m-3] 
S entropy, [J K-1] 
s specific entropy, [J kg-1 K-1] 
T temperature, [K] 
t time, [s] 
u longitudinal fluid velocity, [m s-1] 
V volume, [m3] 
v orthogonal fluid velocity, [m s-1] 
v specific volume, [m3 kg-1] 
W work, [J] 
X conjugate field 
x longitudinal spatial coordinate, [m] 
Y applied driving field 
y orthogonal spatial coordinate, [m]  
Δ finite difference  
ε uniaxial strain 
η isentropic efficiency  
μ viscosity, [Pa s] 
μ0 vacuum magnetic permeability, [T m A-1] 
ν cinematic viscosity, [m2 s-1] 
ρ density, [kg m-3] 
σ uniaxial stress, [Pa] 
τ period of each phase of the cycle, [s] 

With the Kyoto Protocol [3] and therefore with the consequent national laws and regulations, more stringent goals 
in the reduction of greenhouse gas emissions have been established, all having as common denominator the HFC 
consumption’s phasing out [4-5]. Human activities have increased the energy consumption in buildings [6-11], 
because of the growing HVAC employment, environmental pollution and the concentration of greenhouse gases in 
the atmosphere. This resulted in a substantial warming of earth surface and atmosphere that adversely affected the 
natural ecosystem. Therefore, the attention now is paid to the non-vapor-compression technologies for refrigeration 
and air conditioning.  
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Solid-state refrigeration technologies are considered nowadays emerging alternative to vapor compression 
refrigeration. They are gaining more and more attentions, due to their potential in being performing and ecological 
methodologies. Among them electrocaloric [12,13] and elastocaloric cooling [14], seems to be really promising 
since they could constitute a real chance to overcome vapor compression refrigeration limits. As a matter of fact, 
solid state refrigerations could confer energy efficiency, theoretically, 50-60% higher than vapor compression [15]. 

Electrocaloric and elastocaloric cooling are based respectively upon electrocaloric effect (ECE) and elastocaloric 
effect (eCE): two caloric effect detected in ferroelectric/ferroelastic materials where, a change of an external 
(electric/structural) field in adiabatic condition provokes a variation in the material’s temperature. Such phenomena 
belong to the more general class of caloric effects, manifesting themselves in caloric materials. Caloric materials 
show reversible thermal changes, known as caloric effects, that are due to changes in applied driving field. These 
thermal changes are parameterized via isothermal entropy change ΔS and adiabatic temperature change ΔTad, 
defined respectively as: 
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By changing the driving field a variation of the conjugate one is registered. If the variation has induced 

isothermally, the caloric effect is quantified by (1); dually if the field changes adiabatically, ΔTad constitutes a 
measure of the phenomenon. Caloric materials and caloric effects are named according to the sign of the caloric 
effect and to the nature of the applied driving field, as described below. In the first place, conventional caloric 
materials show ΔS < 0 and ΔTad > 0, when the magnitude of the driving field is increased. Inverse caloric materials 
show ΔS > 0 and ΔTad < 0, when the magnitude of the driving field is increased [16]. The above expressions quantify 
the magnetocaloric (Y = H and X = M), barocaloric (Y = - p and X = V), elastocaloric (Y = σ and X = ε) and 
electrocaloric (Y = E and X = P) effects [17]. Consequently, isothermal entropy change ΔS and adiabatic 
temperature change ΔTad, with reference to electrocaloric effect, become: 
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Dually, with reference to elastocaloric effect, they become as follow:  
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 Multicaloric materials can support more than one type of caloric effect. Experimental studies [18] reveal that 

multicaloric effects would arise if more than one type of caloric effect were driven simultaneously or sequentially in 
a single sample of caloric material. In this paper is introduced an experimental investigation conducted on a two-
dimensional model of solid-state cooler when it employs PbTiO3, a multicaloric material which presents both 
electrocaloric and elastocaloric effect, in order to explore its energetic performances both when the material only 
shows electrocaloric or elastocaloric effect alone and when its multicaloric nature takes place.  
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2. Thermodynamical cycles for electro/elastocaloric refrigeration  

Electrocaloric and elastocaloric refrigeration are both reverse Brayton cycle based whom its principle of 
operation is reported on an S-T diagram shown in Fig. 1(a): there are two adiabatic and two isofield processes. By 
polarization/stressing (1-2) an increment of the caloric material’s temperature is registered. In the stage (2-3) the 
heat generated, due to caloric effect, is rejected through a heat transfer toward a heat sink. In the stage (3-4), the 
field is removed and therefore the material cools down thanks to ECE/eCE. In the fourth stage (4-1), the solid-state 
material, which currently is cold, absorb heat from cold reservoirs and recovers the initial state [19]. An inverse 
Brayton cycle, referred to electrocaloric/elastocaloric refrigeration, if the caloric material plays both the refrigerating 
and regenerator role, evolves in Active Electrocaloric/elastocaloric Regenerative cycle (AER/AeR). In AER/AeR 
cycle a secondary fluid (water) is introduced as a heat transfer vector whom crosses the regenerator. 
 

 

Fig. 1. (a) Inverse Brayton cycle on T-s diagram; (b) The four processes of AER/AeR cycle. 

The working principle of AER/AeR cycle is shown in Fig. 1(b). During the field increasing process (A), the 
electric field/uniaxial stress, applied to the caloric material, is increased until reaching the maximum value (E1/σ1) 
while the fluid is not flowing, causing the increasing of the material’s temperature, due to ECE/eCE. In the second 
stage (B), the field remains constant and the cold fluid crosses the AER/AeR from the cold to the hot side, thus 
cooling the regenerator and rejecting heat in the external environment through the hot heat exchanger. When in the 
third stage (C) the field is reduced until reaching the minimum value (E0/σ0), while the fluid hasn’t any motion, the 
regenerator sees another decrement in its temperature, thanks to ECE/eCE. As a final stage (D), while the field is 
absent, the fluid flows across the regenerator from the hot to cold side, cooling itself and then reaching the cold heat 
exchanger, where it absorbs heat from the latter, producing a cooling load. 

3. Model description 

In this paper is introduced a two-dimensional model of an active caloric refrigerator. The model is able to 
reproduces the behavior of an active regenerator in parallel-plate configuration either when the caloric effect is 
electrocaloric one, either when it is elastocaloric and when it is combined ECE-eCE (multicaloric). Every plate has 
the same thickness (0.25 mm) and the distance stacked between each other is 0.125 mm, which also corresponds to 
each fluid channel thickness. The wrapper which contains the regenerator occupies a 20x45 mm2 area, whom is 
occupied globally for 60% from the parallel plates made of caloric refrigerant. The simulations have been carried 
out, bearing in mind of the succeeding reported hypothesis: 

• absence of Eddy currents and negligible Joule heating; 
• neglecting of heat radiation and thermal hysteresis; 
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• adiabatic regenerator with infinite heat exchange area. 

To describe accurately, the regenerator’s behavior by a mathematical model, is appropriate to specify that each of 
the four AMR/AER processes is modeled by distinct sets of equations. The fluid flow processes are governed by the 
Navier-Stokes and the solid and fluid energy equations, to be aware of the temperatures and fluid velocity, as 
follows: 
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where it has been assumed that the fluid is incompressible and laminar and, because of the low mass flow, the 
viscous dissipation is neglected. Field increasing/decreasing processes are regulated by the energy equations. In the 
solid energy equation, one can see a heat source term Q, which models the ECE/eCE. It depends on the intensity of 
the applied external field and it is proportional to ΔTad as follows: 

 
𝑄𝑄 = 𝑄𝑄(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, 𝑇𝑇𝑆𝑆) =

𝜌𝜌𝑠𝑠 𝐶𝐶 (𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑇𝑇𝑠𝑠)𝛥𝛥𝛥𝛥𝑎𝑎𝑎𝑎(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ,𝑇𝑇𝑠𝑠)
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Q, since is a power density, which is positive during field increasing, negative during field decreasing. Therefore, 

the equation system is: 
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By an elaboration of experimental data of ΔTad(E/σ,T) for PbTiO3, available from literature [18], and considering 

the physical characteristic reported in Table 1, it has been built the functions of Q(E/σ,T). The corresponding 
mathematical expressions of Q for field increasing and field decreasing processes, for ECE, eCE and combined 
effect, have been obtained through an analytical function finder software.  

                Table 1. Physical characteristics of PbTiO3. 

Material ρ [kg/m3] k [W/mK] C [J/kgK] 

PbTiO3 8000 4 379.5 

 
By the way, the AER/AeR behaviors, have been obtained by solving the mathematical systems (eq. (7) and (9)) 

that rule AER/AeR cycles, using Finite Element Method. The cycle is conceived as a succession of sequential 
stages: the initial conditions of one of them are the results of the previous one. Every stage has a period τ which is 
the same during all the processes of the AER/AeR cycle. The presence of heat exchangers, during fluid flow phases, 
are obtained applying first order boundary conditions: TC and TH, the temperatures of the cold and hot heat 
exchanger, on the left and right boundary, respectively, of the AER/AeR regenerator. The simulations are done, 
repeating AER/AeR cycle several times with constant frequency, until reaching the steady state. 
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4. Numerical investigation 

Numerical simulations described in this paper have been performed on PbTiO3 in three distinct cases: when it is 
employed as a) electrocaloric material for electrocaloric refrigeration; b) elastocaloric material for elastocaloric 
refrigeration; c) multicaloric material for combined elastocaloric/electrocaloric refrigeration. In the tests performed 
the electric field varies in 0÷100 MV/m, whereas the stress field changes in 0÷2 GPa range; the cycle frequency is 
1.25 Hz, selected since it optimizes the cycle performances; whereas three different fluid flow rate have been tested 
(0.034, 0.046, 0.057 kg/s). The tests have been carried out the TC÷TH temperature range of 292÷300 K.  

The energy performances of the caloric refrigerator in the a), b) and c) cases have been investigated in terms of 
temperature span (ΔTspan), cooling power and Coefficient Of Performance (COP). The ΔTspan, obtained by evaluating 
the difference between TH and the cold side temperature of the secondary fluid averaged in the last process of the 
AER/AeR/multicaloric cycle (fluid flowing from hot to cold side of the regenerator), is evaluated as in the following 
equation: 

 
𝛥𝛥𝛥𝛥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑇𝑇𝐻𝐻 − ∫ 𝑇𝑇𝑓𝑓(0, 𝑦𝑦, 𝑡𝑡)4𝜏𝜏

3𝜏𝜏 𝑑𝑑𝑑𝑑    (10) 
 
The cooling power and the power related to the heat supplied in the environment are calculated as:    
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3𝜏𝜏 𝑑𝑑𝑑𝑑    (11) 
 

𝑄̇𝑄𝑟𝑟𝑟𝑟𝑟𝑟 = 1
4𝜏𝜏 ∫ 𝑚̇𝑚𝑓𝑓𝐶𝐶𝑓𝑓(𝑇𝑇𝑓𝑓(𝐿𝐿, 𝑦𝑦, 𝑡𝑡) − 𝑇𝑇𝐻𝐻)2𝜏𝜏

𝜏𝜏 𝑑𝑑𝑑𝑑    (12) 
 
The mechanical power associated with the circulation pump is: 
 

𝑊̇𝑊𝑝𝑝 = 𝑚̇𝑚(𝛥𝛥𝑝𝑝𝐶𝐶𝐶𝐶+𝛥𝛥𝑝𝑝𝐻𝐻𝐻𝐻)
𝜂𝜂𝑝𝑝𝜌𝜌𝑓𝑓

(𝑡𝑡𝐶𝐶𝐶𝐶 + 𝑡𝑡𝐻𝐻𝐻𝐻)    (13) 

 
The Coefficient of Performance has been introduced to estimate the performance of the two models as follows: 
 

 𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑄̇𝑄𝑟𝑟𝑟𝑟𝑟𝑟
𝑄̇𝑄𝐻𝐻−𝑄̇𝑄𝑟𝑟𝑟𝑟𝑟𝑟+𝑊̇𝑊𝑝𝑝

    (14) 

5. Results 

Several AER/AeR cycles have been performed to make the proposed comparison among the electrocaloric, 
elastocaloric and combined multicaloric behavior of PbTiO3, in terms of energetic performances, when it is 
employed as refrigerant in a solid-state cooler. Fig.2 reports ΔTspan, detected in a) b) and c) cases, under the three 
fluid-flow rate investigated in the temperature range of 292÷300 K. One can observe that the temperature span is 
larger as smaller is the water mass flow rate; to this reason, a regeneration of the fluid allows touching smaller 
temperatures proper on the cold side. When PbTiO3 is employed as elastocaloric refrigerant, on equal operative 
condition, it confers higher ΔTspan rather than it plays the role of electrocaloric solid-state material. As a matter of 
fact, if the two effects are combined, ΔTspan values increase around +23% with respect to electrocaloric case and 
+16% to elastocaloric one.  Figure 3 displays the cooling power Q’ref, detected in a) b) and c) cases, under the three 
fluid-flow rate investigated in the temperature range of 292÷300 K. The refrigerating power is higher as long as the 
greater is the water flow rate. Cooling powers related to PbTiO3 as electrocaloric or elastocaloric refrigerant, lead to 
values at least of 125 W and 170 W, respectively. A combined multicaloric employment of PbTiO3 in a solid-state 
refrigerator carries to higher cooling powers, with a medium increment of +70%, with a maximum of +75%, when 
for fluid-flow rate of 0.057 kg/s, the refrigerating power registered is 292 W. Figure 4 illustrates the Coefficient of 
Performance (COP) evaluated for PbTiO3 in the three cases presented in this work, by varying fluid flow rate. As 
the refrigerant power, also COP increases according to the increase of the water flow rate.  
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Fig. 2. ∆Tspan vs m’f in AER, AeR and multicaloric solid-state regenerator. 

 

Fig. 3. Q’ref vs m’f in AER, AeR and multicaloric solid-state regenerator. 

 

Fig. 4. COP vs m’f in AER, AeR and multicaloric solid-state regenerator. 

As a matter of fact, the cooling power registered in the electrocaloric case is lower than elastocaloric one and the 
expense associate to electrical power is greater than the mechanical power required for stress applying in the 
elastocaloric case The COPs registered for combined effect are not so high because the double expense associated 
both with electrical and mechanical power to apply simultaneously electric field and stress to the refrigerant cuts 
down significantly the great benefits carried by so higher cooling power registered, thus resulting in smaller values 
of COP than expected. From figure 4 one can deduce that the highest COPs are registered when PbTiO3 is employed 
as elastocaloric refrigerant, with a maximum value (8.9) obtained with fluid flow rate of 0.057 kg/s.   
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6. Conclusion 

In this paper is introduced an experimental investigation conducted on a two-dimensional model of solid-state 
cooler when it employs PbTiO3, a multicaloric material which presents both electrocaloric and elastocaloric effect, 
in order to explore its energetic performances both when the material only shows electrocaloric or elastocaloric 
effect alone and when its multicaloric nature takes place. The energetic performances have been evaluated in terms 
of temperature span, cooling power and coefficient of performance, while PbTiO3 was employed as a) 
electrocaloric, b) elastocaloric, c) multicaloric refrigerant in a solid-state refrigerator mounting an active caloric 
regenerator. The performances have been evaluated for a number of fluid-flow rates, whereas both the frequency 
and the cold and hot heat exchanger temperatures have been kept constant. The results reveal that PbTiO3 as 
elastocaloric refrigerant confers the best performances in terms of COP: one of the reason lies in the lowest expense 
registered for applying field variation. On the other side, the highest cooling power estimated are proper of 
combined elastocaloric-electrocaloric effect, with increments around +65% than employing PbTiO3 in single 
electrocaloric/elastocaloric refrigeration, on equal operative conditions.  
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