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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 

Semi-transparent, building-integrated photovoltaics (BIPVs) are receiving significant attention by several research groups, given 
their increasing efficiencies combined to improved visual performance (being cell transparency and color rendering index, two 
key features to ensure their widespread use). Several technologies have been developed in the last years, based on the use of 
amorphous silicon cells,  Cu(In,Ga)Se2 (CIGS) cells, organic PV cells, photoelectrochemical (DSC) cells, and perovskite-based 
cells. Each technology has pros and cons, but among them the two most reliable and promising seem to be the first one (ηSTC= 3-
6% and Tvis= 7-40%) and the last one (ηSTC= 6.6% and Tvis= 42.4%). The second, in particular, may be processed so to appear 
neutrally colored, resulting in a substantially gray glass, while the first one, absorbing nearly all the blue-green radiation, presents 
an orange-brown coloration. The paper investigates how the use of both technologies affects the energy balance of buildings. For 
this purpose the EnergyPlus platform was employed and two validated reference buildings were used for comparison (one 
residential and one office building). Energy yield due to BIPV technologies, variation in heating and cooling loads due to cell 
transparency, and implications on visual comfort and on artificial lighting usage are finally discussed 
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1. Introduction 

Building integrated photovoltaics (BIPV) represent nowadays one of the most impressive opportunities in favour 
of a widespread use of energy producing devices. In fact, integration of PV elements in building components 
represents a major advantage compared to conventional building applied PV (BAPV) systems, where PV panels are 
simply attached on exterior parts of building envelopes (on rooftops or facades). Consequently, as BIPV systems 
represent architecturally relevant components, they require the complex fulfillment of multiple conditions (aesthetic, 
economic, structural, acoustic, thermal, etc.) [1]. Façade elements, and transparent components in particular, are 
among the most interesting parts of the building that can conveniently integrate PV technologies. They cover large 
unobstructed surfaces (particularly for high rise buildings), have several exposures (allowing to follow sun path), 
may easily integrate wiring and other systems. Thus, several researchers are now investigating the potential of this 
technology, with particular reference to semi-transparent devices. [2] 

Amorphous silicon solar cells (a-Si) [3] have currently reached the best laboratory efficiency of 10.2% [4]. This 
technology takes advantage of a much lower consumption of silicon with respect to first generation PVs, a lighter 
substrate (glass), a consolidated industrial process, and, above all, its range of applications is widened by its 
semitransparency. Several low-cost, lightweight and flexible a-Si:H semitransparent solar cells have already been 
reported in the literature [5].  

Among the other technologies, semitransparent PV glazing based on 1.2 μm thick CIGS solar cells were reported, 
with a conversion efficiency of 5.6%. [6], organic PVs, currently offering 11.5% efficiency, are investigated for use 
in semi-transparent devices although durability concerns are currently hampering its use [7]. Photoelectrochemical 
cells, also known as dye sensitized cells (DSCs) have been long considered as a promising technology for 
semitransparent PV devices. However, several concerns limit their reliability.  

More recently, perovskite-based solar cells have been revolutionizing the field because they are easily-
processable, offer high conversion efficiency (up to 22%). Several strategies have been proposed in order to realize 
highly transparent perovskite cells. Among the most successful, making thinner perovskite layers leads to obtain 
brownish cells [8,9], while controlling the perovskite morphology, as to fabricate discontinuous micro-islands by 
tuning the physical parameters of the perovskite deposition process [10] leads to neutral-tinted films, with minimal 
impacts on the spectral properties of light entering indoor.  

When dealing with transparent components, energy saving concerns suggest limiting cooling loads in buildings 
by means of solar control glasses. On the other hand, visual comfort considerations suggest minimum acceptable 
values for glazing transmittance, to range between 25% and 38% [11]. Thus, integration of semi-transparent devices 
which simultaneously limit solar gains and produce electric energy may become an interesting opportunity. 

More recently, Chae et al. [12] suggested a procedure to evaluate the energy performance of buildings 
incorporating BIPVs, considering not only the electrical characteristics of PV cells, but also thermal and optical 
behavior and the consequent implications on building energy performance. They found that the maximum electric 
energy generation using a-Si:H cells could range from 22 kWh/m2 per year to 45 kWh/m2 per year, depending on 
several parameters including the type of PV cell, the site location and the exposition. Oliver et al. [13] studied the 
influence of building integrated semitransparent solar cells on heating, cooling and lighting loads and electricity 
generation, considering parameters like window-to-wall-ratio (WWR) and cells average visible transmittance (Tvis). 
They found out a promising energy saving potential between 18% (WWR=33%) and 59% (WWR=88%), compared 
to regular glass.  

Following similar researches [12,14], this study aims at comparing the energetic advantages resulting from use of 
more consolidated a-Si technologies with those resulting from perovskite-based cells. The a-Si cells are the only 
semi-transparent PV technology already available on market. Among the best performing cells, those used by Chae 
et al. (ηSTC=5.30%, Tvis=0.41) [12] and by Lim et al. (ηSTC=5.93%, Tvis=0.18) [15] are worth being mentioned. On 
the other side, the best perovskite based semi-transparent cells achieved an efficiency of 6.4% while keeping high 
visible transmittance (0.424) [16]. Results of the comparisons are shown below. 
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2. Methods 

2.1. PV cells  

As an example of a-Si cells, those fabricated by Chae et al. [12] were considered. Among the three types of semi-
transparent solar cells discussed in their paper, that with the highest transparency was considered, a textured solar 
cell with a 120-nm a-Si:H absorber. The front electrode was formed by depositing 1.5-μm-thick aluminium-doped 
zinc oxide (ZnO:Al) on a borofloat glass substrate (3 mm) in a sputtering chamber. The p–i–n a-Si:H solar cell 
stacks were deposited on a ZnO:Al/glass substrate via plasma-enhanced chemical vapour deposition at 250 °C. The 
thickness of the doped n-type and p-type a-Si:H films were both 10 nm and that of intrinsic absorber a-Si:H was 120 
nm.  

The neutral coloured semi-transparent perovskite solar cell devices used in this study were prepared according to 
the method described in Refs. [16,17]. The procedure involved the rigorous cleaning and patterning of FTO/glass 
substrates, the subsequent coating of a compact TiO2 n-type layer and the deposition of dewetted perovskite islands. 
Shunt-blocking layers from Octadecyl-trichloro silane were additionally applied to improve the device performance 
before the hole transporting layer spiro-OMeTAD was deposited. A flexible nickel micro grid was laminated to act 
as a transparent hole conducting electrode. 

A summary of the electric and optic characteristics of the selected cells are given in Table 1. In optical terms, as 
anticipated, a-Si cells absorb most of the blue-green radiation, so that they appear as brown-orange. Conversely, 
perovskite cells are neutrally colored, thus being mostly grayish (Fig. 1). Besides the parameters listed in the table, 
the two technologies differ in the dependence between conversion efficiency and radiation intensity. In fact, while 
for a-Si decreases mildly as intensity becomes lower than 1000 W/m2, and then suddenly drops when radiation 
approaches zero [18], perovskite cells show a substantially linear behavior [17].  

  

 

Fig. 1. Simulation of the appearance of the different technologies applied to a glazing. a) Baseline condition; b) a-Si cell; c) perovskite cell. 

Table 1. Photovoltaic and optical parameters of solar cells used in the paper. 

Cell type Short-circuit 
current density 
(jsc) 

[mA/cm2] 

Fill factor (FF) Open circuit 
voltage (Voc) 

[V] 

Conversion 
efficiency (ηSTC) 

[%] 

Visible 
transmittance 
(Tvis) 

[%] 

a-Si:H 7.70 0.69 0.9030 4.80 30.1 

Perovskite 11.03 0.65 0.9532 6.64 42.4 

2.2. Building model description 

The building models used in this study were taken from the archive of the reference buildings available from the 
US Department of Energy [19]. Such models differ, depending on the climatic conditions of the city they refer to. 
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