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 a b s t r a c t

Building-mounted photovoltaics (BMPV) are increasingly used for sustainable and autonomous energy generation 
in the built environment. Furthermore, policies are pushing BMPVs as enablers of a decarbonized energy grid. 
Their lifecycle performance is a critical factor influenced by environmental hazards. Among others, hail hazard 
poses a significant threat. This study presents a probabilistic risk assessment of hail hazard for BMPV systems. 
By leveraging the performance-based engineering approach, it incorporates hail hazard, physical vulnerabilities, 
and consequence modelling. The analysis employs hazard models to predict hail frequency and specific intensity 
measures linked to damage scenarios for BMPV. Hail size is found to be well correlated with expected damage to 
the front glass, making it a viable intensity measure. Hail risk can reduce the operational lifespan of BMPV by up 
to 10.87 years and the Energy Return on Energy Invested (EROI) by 46.52% when the glass thickness is 3.2mm, 
and 2.22 years and 15.07% for a 4mm thickness. Repair costs are significant compared to both the BMPV initial 
costs and the hail-related expected losses of whole buildings. This study underscores the importance of hail risk 
assessment for BMPV lifecycle analyses and of setting minimum impact resistance based on hail hazard levels.

1.  Introduction

The building sector accounted for approximately one-third of global 
energy consumption in 2019 [1]. To decrease reliance on fossil fuels, re-
duce the carbon footprint of buildings, and enhance their overall energy 
efficiency, numerous building regulations have been implemented over 
the last thirty years [2,3]. A large share of building energy consumption 
is devoted to heating and cooling [4]. The necessary thermal energy 
can be produced by technological systems, such as heat pumps, that run 
on electricity. In this respect, building-mounted photovoltaics (BMPV) 
can provide electricity to support buildings’ energy needs [5,6]. As a re-
sult, the importance of BMPV as an energy source cannot be underesti-
mated, especially considering the current decarbonization efforts [6,7]. 
The analysis of BMPV lifecycle performances carries, therefore, a signif-
icant role. Studies have focused on the assessment of such performances 
for PV technology, differentiating between ideal conditions and empir-
ical data [8,9]. In particular, it appears that the actual lifetime of PV 
equipment may be in some cases shorter than expected [10]. There are 
numerous mechanisms of performance degradation [11]. These mecha-
nisms can often be the combination of failures from system components 
[12], external forces [13] and environmental factors [14]. Concerning 
the latter, climate change effects have been linked to reliability and per-
formance risks for PV technology [14]. Among the possible detrimental 
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interactions, a notable one is related to natural hazards and their ex-
ternal actions [11,14]. Indeed, climate change has been linked to an 
increased likelihood of weather-related disasters such as floods [15], 
hurricanes [16] and wildfires [17]. Hence, the issue of PV climate re-
silience cannot be neglected [18]. Along this line, methods for prob-
abilistic risk assessment have already been applied to predict extreme 
winds impact on BMPV systems [19,20]. Another source of potential 
damage for BMPV is hailstorms, as documented by empirical [21–24] 
and experimental data [25]. Besides, whilst international standards pre-
scribe a certain resistance to hail impact, this produces different levels of 
actual reliability [26,27]. For instance, the IEC 61,215 [28] prescribes a 
hail size for testing of 25mm, which is not enough in case of hail-prone 
areas [24]. While manufacturers may adopt more severe testing guide-
lines, as per the non-mandatory IEC 63,397 [29], the issue of assessing 
the hail reliability of PV panels remains. The hail risk research has fo-
cused on hazard models [30] and consequence analysis [31,32]. Several 
building components have been found vulnerable to hail [33], includ-
ing windows [34], ETICS [35,36], cladding systems [37], roofs [38,39]. 
Concerning the latter, performance-based engineering (PBE) methods 
for risk assessment have been applied to evaluate expected annual losses 
(EAL) taking into account both hazard and damage models [37–39]. In-
deed, the risks linked to natural hazards are often assessed using PBE 
methods [40] that, based on the total probability theorem, allows for 
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Abbreviation Definition
BMPV Building-mounted photovoltaics
DM Damage Measure
DV Damage Variable
EDP Engineering Demand Parameter
EROI Energy Return on Energy Invested
IM Intensity Measure
AB Apartment block
PBE Performance based engineering
SFH Single-family house
Notation Definition and Units
𝐶𝑝𝑣, 𝐶𝑏 Annual GHG emissions of BMPV and buildings 

(𝑘𝑔𝐶𝑂2𝑒𝑞∕(𝑚2 ⋅ 𝑦))
𝐶𝑟 GHG emission ratio
Δ𝐸𝑅𝑂𝐼 EROI reduction
Δ𝐿𝑓 Lf reduction
𝐷ℎ maximum hailstone size (mm)
𝐷𝑑 hailstone size for damage (mm)
𝐷𝑟 hailstone size resistance (mm)
FCC Fraction of construction cost
Fd, Fb BMPV and buildings fragility functions
EAL Expected annual loss (%)
Fh Expected hailstorms days (𝑦−1)
𝐸𝐶𝑝𝑣, 𝐸𝐶𝑏 Embodied carbon of BMPV and buildings (e∕𝑚2)
LEHA Largest expected hail size on a reference area 

(mm)
Lf Service life of a BMPV system (years)
MDR Mean Damage Ratio
MESHS Maximum expected severe hailstone size (mm)
𝑀𝑝𝑣,𝑀𝑏 Annual monetary costs of BMPV and buildings 

(e∕(𝑚2 ⋅ 𝑦))
𝑀𝑟 Monetary costs ratio
𝑃ℎ𝑓 Annual probability of failure
Tg PV front glass thickness (mm)
𝑈𝐶𝑝𝑣, 𝑈𝐶𝑏 Unit cost of BMPV and buildings (e∕𝑚2)
𝜁 Probability of failure over Lf

an independent evaluation of hazard, fragility, damage, and loss. PBE 
has been adapted and applied to different hazards, such as tsunamis 
[41], hurricanes [42], wind [43], floods [44], coastal hazards in general 
[45] and fires [46,47]. Furthermore, PBE has also been applied to eval-
uate the environmental impacts of natural hazards-induced damages to 
technological components [48,49]. These impacts are mainly relevant to 
the embodied carbon of repair activities [50] and, in some cases, to the 
emission of polluting compounds [43]. The peculiarity of BMPV systems 
implies that, in case of damage, environmental impact may derive from 
embodied carbon due to repair or replacement [51,52] or missed low-
GHG energy production [19,24]. The energy output over the lifecycle of 
BMPVs is of critical importance and, whilst they are a key tool to prevent 
climate change, hail hazard may diminish their efficacy and increase the 
likelihood of an “energy-emission” trap [53]. In fact, according to [53], 
the energy necessary to decarbonise the energy grid itself could impact 
the remaining emission budget. In this respect, the energy return on en-
ergy investment (EROI, also called ERoEI) is an important measure for 
performances of PV applications [54–56]. Still, there are no studies on 
probabilistic hail risk assessment for BMPV systems to date. To fill this 
gap, this paper has the following research goals, also corresponding to 
the phases of this study:

1) Present a feasible quantitative methodology to define the hazard, 
vulnerability and consequence components of PBE in Section 2.

2) Develop an analytical response model for PV panels under hail action 
with respect to front glass breakage.

3) Provide a numerical application to a BMPV case study placed in three 
geographical locations (Switzerland, The Netherlands and Canada) 
according to three consequence metrics (monetary cost, environ-
mental impact and energy cost). Assessing, on these bases, whether 
the hail risk is significant, also considering the reduction of service
life.

4) Compare hail risk for BMPV systems to whole buildings. Determine 
if the BMPV systems represent a non-negligible share of hail risk for 
buildings.

Hence, the research questions that will be answered are: i) can a PBE 
approach be effectively adopted for hail risk assessment for both BMPVs 
and buildings?, ii) Is the expected impact for BIPVs significant?, iii) Is 
the expected impact for BIPVs significant when compared to that of the 
whole building? The results are then discussed in Section 4, whilst the 
main conclusions of the study are drawn in Section 5 along with some 
comments on future developments.

2.  Methodology

The foundational methodology hereby adopted for hail risk assess-
ment is PBE. The analytical formulation of the PBE framework is given 
by: 

𝜆(𝐷𝑉 ) = ∫ ∫ ∫ 𝑃 (𝐷𝑉 |𝐷𝑀)𝑑𝑃 (𝐷𝑀|𝐸𝐷𝑃 )𝑑𝑃 (𝐸𝐷𝑃 |𝐼𝑀)𝑑𝜆(𝐼𝑀) (1)

where 𝜆(𝐼𝑀) represents the hail hazard, quantified as the rate at which 
the hail action exceeds a specified intensity measure (𝐼𝑀). The term 
𝑑𝑃 (𝐸𝐷𝑃 |𝐼𝑀) represents the probability that the system will experi-
ence a given response, quantified in an Engineering Demand Parame-
ter, 𝐸𝐷𝑃 , conditioned on the intensity measure 𝐼𝑀 , and is typically 
expressed as a fragility curve [57]. The term 𝑑𝑃 (𝐷𝑀|𝐸𝐷𝑃 ) denotes 
the probability that a given 𝐸𝐷𝑃  results in a damage state 𝐷𝑀 . Addi-
tionally, 𝑃 (𝐷𝑉 |𝐷𝑀) represents the conditional probability of a specific 
decision variable or consequence measure (DV), typically related to fa-
talities or economic costs, given the DM. Finally, 𝜆(𝐷𝑉 ) indicates the 
rate at which the consequence measure exceeds a specified threshold, 
which defines the expected impact of the hail hazard on the system un-
der study [58–60]. The application of the PBE entails several assump-
tions, among them i) any damaged system is repaired or replaced, ii) 
the repaired or replaced system is the same as the original one. The haz-
ard, response and consequence models are presented in Sections 2.1–2.3
respectively.

2.1.  Hazard model definition

In this Section we will define hail hazard models for three geograph-
ical locations i.e. Switzerland, The Netherlands and Canada. The hazard 
level, i.e. 𝜆(𝐼𝑀), for hail should represent a rate of exceeding a mean-
ingful 𝐼𝑀 . The selection of 𝐼𝑀 is not straightforward given that the 
damages depend on the complex impact dynamic. Multiple parameters 
can influence the impact effects, such as hail size [32,38,39], attack an-
gle [38], kinetic energy [61], impulse rate [27,62] and momentum [25]. 
In this work, we will focus on hail size, which is the most used 𝐼𝑀 in 
both hazard and response models. Hail size is commonly equated to the 
diameter of an ideally spherical hailstone and the relevant 𝐼𝑀 would 
be the maximum hailstone diameter expected, 𝐷ℎ. Country-based hail 
hazard models, such as for the Netherlands [63] and Switzerland [64], 
provide the return time, 𝑇𝑟, for a given 𝐷ℎ. This allows the evaluation of 
the yearly probability of exceedance of a given 𝐷ℎ, which can constitute 
the hazard function 𝜆(𝐼𝑀) with 𝐼𝑀 = 𝐷ℎ.

Usually, these models adopt a given area of 1 𝑘𝑚2 [63,64]. Hence, 
when analysing systems with a different area, 𝐴𝑠, the values of 𝐷ℎ
should be scaled. In this respect, [64,65] differentiate between “Max-
imum expected severe hail size”, MESHS, and “Largest expected hail size 
on a reference area”, LEHA. Although MESHS is referred to an area of 1 
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𝑘𝑚2, an analytical formulation allows a conversion to a reference area 
as follows:
𝐿𝐸𝐻𝐴(𝐴𝑠) =𝑀𝐸𝑆𝐻𝑆 + 0.0919 ⋅ 𝑙𝑜𝑔10(𝐴𝑠) ⋅𝑀𝐸𝑆𝐻𝑆

+ 0.00834 ⋅ 𝑙𝑜𝑔10(𝐴𝑠) (2)

where LEHA and MESHS are expressed in 𝑚𝑚2 and 𝐴𝑠 in 𝑘𝑚2. This re-
lationship has been calibrated for the Swiss hazard models but, in this 
work, we will also consider it valid for the other hazard models con-
sidered. This choice introduces a source of uncertainty, which, lacking 
higher-resolution hail hazard data, is difficult to quantify. However, the 
trend of size reduction between LEHA and MESHS, when smaller areas 
are considered, is intrinsically valid for any geographies. Values from 
[63] are relevant to an area of 1𝑘𝑚2.

Another way to build the hazard function is to start from less ag-
gregated data as shown by [38] in a hail risk assessment for a Canada 
region. The first element to consider is the hailstorm frequency, 𝐹ℎ, i.e. 
the expected hailstorm days in a year [66]. Then, conditioned to the 
occurrence of a hailstorm, it is possible to use an empirical formulation 
to describe the probability distribution of 𝐷ℎ. Leveraging the analysis 
of a database of 37,000 observations from North America from [38,61] 
defined the following relationship: 

𝐶𝐷𝐹𝐷ℎ(𝐷ℎ) = 1 − 𝑒(𝑚⋅𝐷ℎ+𝑏)

𝑒𝑏
(3)

where 𝑚 and 𝑏 are empirical values equal to 0.111mm−1 and 6.55mm 
respectively. Eq. (3) does not discriminate in the area considered. Still, 
the empirical values refer to records from hailpads with an area in the 
order of a square meter. The yearly probability of having a hailstorm 
exceeding a certain 𝐷ℎ can be obtained by combining 𝐹ℎ with 𝐶𝐷𝐹𝐷ℎ
from Eq. (3) as follows: 
𝑃 (𝑋 > 𝐷ℎ) = 𝐹ℎ ⋅ 𝐶𝐷𝐹𝐷ℎ = 1∕𝑇𝑟(𝐷ℎ) = 𝜆(𝐷ℎ) (4)

We will assume 𝐴𝑠 = 2𝑚2, a widespread dimension for an independent 
PV panel, for the Switzerland and Netherlands models and a 𝐹ℎ = 0.5𝑦−1

for the Canada model. According to [66], this corresponds to a predom-
inant share of the Canadian territory. It is useful to note that in some 
areas 𝐹ℎ can reach 4 hail days per year. Since Montreal falls in this area, 
it will be selected as the reference for the Canadian hail hazard model. 
For the Swiss one, we will refer to the Bern area. For the Netherlands, 
[63] reports the curves for the 4 NUTS-1 regions and we selected the 
Noord region, whose largest city is Groningen. For Bern and Groningen 
areas, the available data cover up to a return time of 100 years, i.e. an 
annual frequency of 10−2. However, the linear trend in the semilogarith-
mic space has been prolonged up to an annual frequency of 10−2. The 
resulting 𝜆(𝐷ℎ) functions from Eq. (4) are depicted in Fig. 1.

From Fig. 1, it is possible to appreciate that MESHS curves are more 
severe than those referred to 𝐴𝑠. This was expected given that they refer 
to a larger area. Moreover, Montreal and Bern curves exhibit the highest 
and lowest maximum diameters, respectively.

2.2.  Response models

A response model usually describes the relationship between the ex-
ternal action and the behavior of the system under study [67]. It is also 
used in PBE-based methods to predict damages based on the IM of a 
given natural hazard. In this subsection, we will present the methodol-
ogy to analytically define a response model for PV panels in Section 2.2.1 
and for buildings in Section 2.2.2. Notably, given that the hazard mod-
els defined in Section 2.1 use 𝐷ℎ as 𝐼𝑀 , our models should adopt the 
same 𝐼𝑀 .

2.2.1.  PV panels
Due to hail impact, PV panels can undergo visible damage, such as 

breakage of the front glass and invisible ones [14,23]. In this work, we 
will consider only the breakage of the front glass, which can produce 

Fig. 1. Hail hazard curves for Bern, Groningen and Montreal relevant to MESHS 
and 𝐴𝑠.

Fig. 2. BMPV systems damaged by the July 2023 hailstorms in Italy [68]. Photo 
of Leonardo Secchi from [69].

a partial to complete loss of solar cell functionality [14,23]. We define 
such a damage state as 𝐷𝑆𝑔 . See for reference Fig. 2.

The response model should define the probability of 𝐷𝑆𝑔 as a func-
tion of 𝐷ℎ. This probability is set to follow a cumulative distribution 
function, defined as 𝐹𝑑(𝐷ℎ), that can be analytically expressed as: 

𝐹𝑑(𝐷ℎ) = 𝑃 (𝐷𝑆𝑔|𝐷ℎ) = 𝜙
[

𝑙𝑛(𝐷ℎ∕𝑚𝑑 )
𝛽𝑑

]

(5)

where 𝜙 indicates a lognormal cumulative distribution function, which 
is rather common in the definition of fragility functions [20]. Besides, 
𝑚𝑑 and 𝛽𝑑 are the median and the dispersion of the distribution.

To define 𝐹𝑑(𝐷ℎ), the necessary data can be retrieved from differ-
ent sources. The first is to refer to the international standards that set 
minimum hailstone diameter resistance, defined as 𝐷𝑟, such as the IEC 
61,215 [28] or other national codes [27]. On this basis, one may assume 
that the probability with 𝐷𝑟 of 𝐷𝑆𝑔 , able to put the system out of ser-
vice, would be reasonably low. However, this can only provide a lower 
bound for the damage model, without any information on the actual 
damages for diameters higher than 𝐷𝑟.

In this respect, the second approach relies on empirical or testing 
data, which can be either from real hailstorm damage statistics [22,24] 
or experimental test campaigns [25]. The limitation with the damage 
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Table 1 
𝐷𝑟 and 𝐷𝑑 for PV panels with dif-
ferent 𝑇 𝑔s.
𝑇 𝑔 (mm) 𝐷𝑟 (mm) 𝐷𝑑 (mm)
 2.8  35  45
 3.2  35  45
 4  55  //

statistics of [22] is that they are related to insurance claims, and not 
all damages are either covered or claimed. Jordan et al. [24] instead 
focuses on the loss of performance of systems after hailstorms. The re-
lationship between hail size, not measured precisely, and damage is not 
proportional, as other factors, such as wind, may influence it during a 
hailstorm. Furthermore, for both [22] and [24], many characteristics of 
PV systems under study are not available. As a result, purely empirical 
are too incomplete to be used as a primary source.

Hence we will rely on the experimental data from [25] which al-
lows us to define a threshold for both 𝐷𝑟 and the hailstone diameter 
corresponding to 𝐷𝑆𝑔 , defined as 𝐷𝑑 . In detail, the tests involved four 
diameters, i.e. 25, 35, 45 and 55mm with proportionally higher termi-
nal velocity. The terminal velocities were roughly between 25m/s for 
the 25mm diameter and 35m/s for the 55mm diameter, which aligns 
with several available models [70]. The study also considers three thick-
nesses of the front glass, 𝑇 𝑔, i.e. 2.8, 3.2 and 4mm, from commercially 
viable PVs. Ten rounds for each diameter are performed from the small-
est to the largest and the procedure is stopped after breakage of the 
glass. On such a basis, we can set 𝐷𝑟 equal to the biggest diameter that 
caused no breakage and 𝐷𝑑 to the first that broke the glass. The results 
are reported in Table 1.

As reported in Table 1, 𝐷𝑟 is larger than 25mm for each 𝑇 𝑔, which 
is expected since IEC 61,215 prescribes a specific diameter for PV test-
ing according to the MQT 17 protocol [28]. For instance, the US FEMA 
recommends a minimum 𝑇 𝑔 equal to 3.2mm [71]. Data for 4mm 𝑇 𝑔
lacks a 𝐷𝑑 since, even for a 55mm hailstone diameter, the glass did not 
break. Still, other damage metrics were recorded, such as the negative 
variation in peak power generation, which showed a certain reduction, 
albeit relatively small. Hence, it is reasonable to think that a diameter 
than 55mm may indeed break the front glass. Moreover, no experimen-
tal data are available in the interval between 𝐷𝑟 and 𝐷𝑑 for smaller 𝑇 𝑔. 
To fill these gaps and build the fragility function 𝐹𝑑(𝐷ℎ), the following 
assumptions are adopted:
i) The damage, i.e. DM from Eq. (1), will be considered conditioned 
exclusively by the selected IM, i.e Dh, without considering the influ-
ence of any intermediate EDP. Thus, in Eq. (1), the role of any EDP 
between DM and the IM is neglected.

ii) Only one damage state will be considered, implying a major failure 
of the front glass: “glass breakage damage state” or 𝐷𝑆𝑔 .

iii) The probability of 𝐷𝑆𝑔 conditioned to 𝐷𝑟 is set to be reasonably low, 
i.e. 𝑃 (𝐷𝑆𝑔|𝐷𝑟) = 0.05. This is somehow justified by the fact that in 
the tests, each 𝑇 𝑔 underwent 10 different hits from 𝐷𝑟 hailstones.

iv) The probability of 𝐷𝑆𝑔 conditioned to 𝐷𝑑 is set equal to 0.95, i.e. 
𝑃 (𝐷𝑆𝑔|𝐷𝑠) = 0.95. Indeed, in the tests, a single 𝐷𝑑 hailstone was 
enough to break the 2.8 and 3.2mm glasses.

Given that 2.8 and 3.2mm 𝑇 𝑔 share the same 𝐷𝑟 and 𝐷𝑑 , the 
resulting 𝐹𝑑(𝐷ℎ) will be equivalent and defined as 𝐹𝑑𝑝1. For the 
4.0mm 𝑇 𝑔, we cannot adopt assumption iv) since the glass did not 
break and there is no 𝐷𝑑 . Hence, the resulting 𝐹𝑑(𝐷ℎ), i.e. 𝐹𝑑𝑝2, is 
derived by adopting the same 𝛽𝑑 of 𝐹𝑑𝑝1 and deriving 𝑚𝑑 with the 
additional condition of assumption iii).

The effect of damage accumulation is considered already included in the 
probabilistic fragility functions. This is because, differently from other 
components [37,38,72], there are not enough data to better describe 
this phenomenon for PV systems. The influence of angles of incidence 
lower than 90 degrees, i.e. the inclinations used in the experimental 

Fig. 3. Fragility curve 𝐹𝑏 - FCC as a function of MESHS.

tests of [25], is not considered. This is consistent with the approach 
of [38,39] adopted for roofs and builds on the empirical evidence that 
incidence angles higher than 45 degrees do not affect much the energy of 
hailstones hits. The sensitivity of the risk analysis to the assumptions i)-
iv) is expected to be high. However, the analytical model can be updated 
in case more experimental data would be available. For simplicity, we 
define the panels type 𝑃1, with Tg up to 3.2mm, and 𝑃2 with Tg of
4mm.

2.2.2.  Buildings
The definition of a damage model for buildings is needed to fulfill 

the research goal 3) as presented in Section 1. There are not many quan-
titative damage models for building damage due to hail hazard, with 
[32,73] among these. In detail, [32] analyzed a database of 2.5 ⋅ 105 in-
surance claims relevant to hail damage in Switzerland over 20 years. 
The considered damage metric is the ratio between damage cost and 
the monetary value of the insured asset, i.e. mean damage ratio or MDR. 
We will, however, convert this metric into a ratio between the repair or 
damage costs and the construction costs. This approach is often used 
in risk assessment [6,74,75] to compute the expected annual loss, EAL, 
and allows for a direct comparison between areas that may have dif-
ferent market values. Moreover, MDR is influenced by both land and 
market values, thus rendering any assessment time-specific. Hence, to 
shift from MDR to a fraction of the construction cost, FCC, as a damage 
metric, it is necessary to quantify the ratio between the market value 
and the construction cost. According to industrial sources, the build-
ing cost per square meter in Switzerland is roughly 3250 CHF/𝑚2 [76] 
whilst the market value is 8255 CHF/𝑚2 [77]. Hence, we can write the 
ratio between MDR from [32] and FCC is 2.54.

In [32], the authors derive the parameters of a sigmoidal function 
to fit the statistical data and correlate MDR with MESHS. The analytical 
definition of the curve is derived from [78]. The adaptation of the curve 
from MDR to FCC is depicted in Fig. 3.

The curve depicted in Fig. 3 adopts MESHS as IM even if the area 
of a building is, most often, less than 1 km2. However, this effect is 
already accounted for, given that the curve is derived from empirical
data.

It should be noted that a similar research has been carried out on data 
from 2010 to 2020 related to 30 hail events in Australia [73]. We have, 
however, not considered it because the damage metric was damage costs 
on the maximum insured value, thus excluding the value of the insured 
asset.
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2.3.  Consequence metrics

In this section, we define the consequence metrics for BMPV systems 
and buildings in terms of monetary losses and carbon emissions.

2.4.  BMPV metrics

For BMPV systems, any damage from hail can result in three types 
of measurable consequences:

(a) Monetary costs, due to the replacement or repair of the damaged 
system;

(b) Embodied carbon emissions, linked to the use of materials in the 
activity of repair or replacement of the system;

(c) Energy costs, associated with the period needed for the repair or 
replacement of the system and the related loss of energy production 
for any downtime.

To estimate (a), it is useful to recall that the damage state considered 
in Section 2.2.1 corresponds to a severe front glass breakage. This dam-
age would make the system unusable, requiring a replacement. We can 
hence approximate the corresponding costs to 100% of the system cost. 
The system cost has to be assessed considering that, in Section 2.1, we 
set 𝐴𝑠 = 2𝑚2. However, to facilitate the following analyses, we define a 
unit cost of BMPV per square meter of the system, 𝑈𝐶𝑝𝑣. As a premise, 
we will consider 𝑃1 and 𝑃2 to have the same unit cost and embodied 
carbon, thus assuming the influence of 𝑇 𝑔 is negligible. Based on [79] 
we can write 𝑈𝐶𝑝𝑣 = 350 e∕𝑚2.

To confirm this value with a different source, we compare the case of 
the Italian market and rely on the same methodology from [6,80]. Con-
sidering the widely adopted mono-crystalline silicon technology, this 
system would entail a peak power of roughly 300W. Thus, from the of-
ficial price list for tenders and contracts, we derive a max allowed cost 
of 2400 e/kWp. Hence, the system considered will cost 800 eand we 
can derive a unit cost of 400 e∕𝑚2. The figure aligns with the 𝑈𝐶𝑝𝑣 de-
fined above, given that this value i) is a maximum, ii) comprises any 
support structure.

From an analytical viewpoint, the relationship between the conse-
quence and the damage, described by the probabilistic term 𝑃 (𝐷𝑉 |𝐷𝑀)
in Eq. (1), is instead assumed as deterministic. Hence, the parameter 𝑀𝑝𝑣
is defined as the expected annual monetary losses from hail hazard, and 
can be calculated by rewriting Eq. (1) as follows: 

𝑀𝑝𝑣 = 𝜆(𝐷𝑉 ) = 𝑈𝐶𝑝𝑣 ⋅ ∫

𝐷𝑚𝑎𝑥

𝟎
𝐹𝑑(𝐷ℎ)𝑑𝜆(𝐷ℎ) = 𝑈𝐶𝑝𝑣 ⋅ 𝑃ℎ𝑓 (𝐹𝑑) (6)

where Dmax = 120mm, assuming any higher Dh will have no further 
impact on any 𝜆(𝐷𝑉 ), given the associated low probabilities. 𝑃ℎ𝑓  is the 
resulting annual probability of failure due to hail risk.

Concerning the metric (b), the embodied carbon of PV systems can be 
defined as a quantity of 𝐶𝑂2𝑒𝑞 per kWh of energy produced [51,81,82], 
kWp capacity [83] or square meter [52]. To be consistent with the anal-
ysis, we define 𝐸𝐶𝑝𝑣 as the GHG emissions from embodied carbon equiv-
alent linked to the production of a square meter of PV system. From [52] 
an average value of roughly 160 𝑘𝑔𝐶𝑂2𝑒𝑞∕𝑚2 for polycrystalline technol-
ogy, can be derived accounting only for front glass and cells produced in 
Europe. Hence, the annual expected GHG emissions due to hail damage, 
𝐶𝑝𝑣, can be written as follows: 
𝐶𝑝𝑣 = 𝐸𝐶𝑝𝑣 ⋅ 𝑃ℎ𝑓 (𝐹𝑑) (7)

𝐶𝑝𝑣 should not be confused with the annual amortisation of the em-
bodied carbon, which depends on the finite lifetime of any PV system, 
i.e. 𝐿𝑓 . In fact, 𝐶𝑝𝑣 is an additional contribution due to the damage-
induced reduction of 𝐿𝑓 , which we define here as Δ𝐿𝑓 .

Metric (c) can be considered to be two separate terms. Starting from 
the energy cost for replacement, this is strongly correlated to 𝐶𝑝𝑣 and can 
be in the range of 2–3000MJ per square meter of PV with polycrystalline 
technology. In addition, the system downtime, 𝑇𝑑, will also result in 

missed energy production. To better appreciate the combination of these 
two contributions, we will quantify the impact on the EROI parameter, 
Δ𝐸𝑅𝑂𝐼ℎ. The EROI is defined as the ratio between the energy produced 
by the system and the energy invested in the system [56]. We define 
Δ𝐸𝑅𝑂𝐼ℎ as follows: 

Δ𝐸𝑅𝑂𝐼ℎ =
𝐸𝑅𝑂𝐼𝑠 − 𝐸𝑅𝑂𝐼ℎ

𝐸𝑅𝑂𝐼𝑠
(8)

where 𝐸𝑅𝑂𝐼𝑠 and 𝐸𝑅𝑂𝐼ℎ are the EROI without and with accounting for 
hail damage, respectively. Considering Ep and Ei the energy produced 
and invested, 𝐸𝑅𝑂𝐼𝑠 =

𝐸𝑝
𝐸𝑖 , while 𝐸𝑅𝑂𝐼ℎ can be written as follows: 

𝐸𝑅𝑂𝐼ℎ =
𝐸𝑝 ⋅ (1 − 𝑇𝑑⋅𝜁

𝐿𝑓 )

𝐸𝑖 ⋅ (1 + 𝜁 )
(9)

The parameter 𝜁 is the lifetime probability of failure, which, accord-
ing to a Poissonian model of hail hazard [38], can be calculated as fol-
lows: 
𝜁 = 1 − (1 − 𝑃ℎ𝑓 (𝐹𝑑))𝐿𝑓 (10)

where Lf is set equal to 25 years as in [55,56,84]. Notably, we assume 
the failure to be equivalent to a system replacement. Hence 𝜁 represents 
the failure of the first system, not the cumulative probability of having 
multiple failures of consequently replaced systems. Although there is 
no available data about Td, assuming the involvement of an insurance 
[22] it is reasonable to assume that the process may be longer than the 
time materially required for a BMPV replacement. Still, the actual loss 
in energy production would depend on the specific month of the year 
and the site-specific solar radiation [85,86]. However, even assuming 
Td equal to 1-2 months, the term 𝑇𝑑𝐿𝑓  is in the order of 10−2 and thus 
negligible. Hence, after some manipulations, Eqs. (8) and (9) can be 
combined to obtain: 

Δ𝐸𝑅𝑂𝐼ℎ =
𝜁

1 + 𝜁
(11)

Eq. (11) does not include 𝐸𝑅𝑂𝐼 variations deriving from degrada-
tion due to lower hail damage levels, significantly delayed repair, and 
the possible interaction with other degradation causes. In these cases, 
the negative effects may even be higher.

In addition to the three metrics above, we can evaluate the resulting 
loss of service life years, Δ𝐿𝑓ℎ. It is assumed that: i) for a probability 
equal to (1-𝜁) the system undergoes no reduction of 𝐿𝑓 , ii) for a proba-
bility equal to 𝜁 , the failure due to hail can happen in any moment of 𝐿𝑓 , 
hence with an average of Δ𝐿𝑓ℎ = 𝐿𝑓∕2. Thus Δ𝐿𝑓ℎ can be calculated 
as follows: 

Δ𝐿𝑓ℎ = 𝐿𝑓 − (1 − 𝜁 ) ⋅ 𝐿𝑓 − 𝜁 ⋅
𝐿𝑓
2

= 𝜁 ⋅
𝐿𝑓
2

(12)

2.5.  Buildings metrics

For buildings, we will only consider the expected annual monetary 
costs, 𝑀𝑏, and embodied carbon emissions, 𝐶𝑏, as risk metrics. An in-
formed estimate of the unitary cost can be derived from [87], which 
reports cost statistics from several European cities. The average con-
struction cost is roughly 2000 e∕𝑚2, which will be the value of 𝑈𝐶𝑏. 
Therefore, 𝑀𝑏 can be calculated as follows: 
𝑀𝑏 = 𝑈𝐶𝑏 ⋅ 𝑃ℎ𝑓 (𝐹𝑏) (13)

The embodied carbon emissions linked to building constructions 
can be derived from [88]. The report analyses a large dataset of Eu-
ropean constructions and defines a harmonized average of roughly 600 
𝑘𝑔𝐶𝑂2𝑒𝑞∕𝑚2 for residential buildings. This value, set as 𝐸𝐶𝑏, allows the 
calculation of 𝐶𝑏 according to the following: 
𝐶𝑏 = 𝐸𝐶𝑏 ⋅ 𝑃ℎ𝑓 (𝐹𝑏) (14)

To perform a meaningful comparison between buildings and BMPV 
metrics, the difference in the areas of the two should be considered. This 
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Table 2 
Function parameters of 𝐹𝑑1 and 𝐹𝑑2.

 Panel type  Function 𝑚𝑑 (mm) 𝛽𝑑 ( )
𝑃1 𝐹𝑑1  39.68  0.076
𝑃2 𝐹𝑑2  62.36  0.076

Fig. 4. Fragility curves 𝐹𝑑𝑝1 and 𝐹𝑑𝑝2, relevant to Tg of 2.8 and 3.2mm and 
4mm, respectively.

is because a relatively small BMPV on a rather large building will always 
result in a negligible share of damage. Although 𝑀𝑏 and 𝐶𝑏 represent 
values for square meters, the comparison with PV metrics will be done 
after adjusting them by a factor, 𝛾, representing the ratio between the 
building floor area, 𝐴𝑏, and 𝐴𝑠. Hence, we define 𝑀𝑟 and 𝐶𝑟 as follows: 

𝑀𝑟 =
𝑀𝑝

𝛾 ⋅𝑀𝑏
and 𝐶𝑟 =

𝐶𝑝

𝛾 ⋅𝑀𝑏
(15)

where the 𝛾 values considered in this work will be 𝛾𝑆𝐹𝐻 = 10 and 
𝛾𝐴𝐵 = 100. These two values are representative of a single-family house, 
SFH, and an apartment block, AB, respectively. In practice, these values 
correspond to a 20𝑚2 PV system on a building of 200𝑚2 useful floor area 
for 𝛾𝑆𝐹𝐻 , and a 60𝑚2 PV system on a building of 6000𝑚2 useful floor 
area for 𝛾𝐴𝐵 .

3.  Results

The hail response models for BMPVs are expressed in terms of lognor-
mal cumulative distribution functions, i.e. 𝐹𝑑𝑝1 and 𝐹𝑑𝑝2. The relevant 
parameters are listed in Table 2, whilst the functions are depicted in 
Fig. 4.

The significant difference between 𝐹𝑑𝑝1 and 𝐹𝑑𝑝2 aligns with other 
tests on glass resistance [72], which have shown that even a slight in-
crease in thickness can effectively reduce vulnerability. The resulting 
𝐹𝑑𝑝2, as depicted in Fig. 4, implies that a 4mm would certainly break 
with a Dh close to 80mm.

Concerning the loss analysis, the expected monetary costs, i.e. 𝑀𝑝𝑣, 
for 𝑃1 and 𝑃2, panels and 𝑀𝑏, are reported in Fig. 5 for each geographical 
area considered.

Fig. 5 shows that 𝑃1 panels are, by far, the most affected by hail 
hazard when equal surfaces are considered. Buildings come second in 
Bern and Groningen but third in Montreal. The different rankings across 
the locations are the result of the different slopes in both hazard and 
fragility curves depicted in Figs. 1, 4 and 3. Notably, the expected cost 
for buildings is in the range of 0.1% of the UC per year. For reference, 
this EAL is in the same order of magnitude as other natural hazards, 

Fig. 5. Expected annual monetary costs due to hail damage for 𝑚2 of panels 
area for 𝑃1 and 𝑃2, and useful floor area for the building.

Fig. 6. Expected annual GHG emissions due to hail damage for 𝑚2 of panels 
area for 𝑃1 and 𝑃2, and useful floor area for the building.

such as earthquakes [74] and floods [6] for Italy. Similarly, the expected 
GHG emissions, i.e. 𝐶𝑝𝑣, for 𝑃1 and 𝑃2, panels and 𝐶𝑏 for buildings, are 
depicted in Fig. 6.

The ranking shown in Fig. 6 is the same as Fig. 5. However, given 
the smaller difference between 𝐸𝐶𝑝 and 𝐸𝐶𝑏 compared to 𝑈𝐶𝑝 and 𝑈𝐶𝑏, 
buildings have lower relative emissions when equal surfaces are consid-
ered. Overall, the level of emissions from buildings is relatively small 
next to the operational emissions due to energy consumption, which 
are, on average, roughly 20–40 times more [6]. However, they became 
significant when compared to net-zero targets [6]. The resulting losses 
in service life years, Δ𝐿𝑓ℎ, for panels 𝑃1 and 𝑃2 are shown in Fig. 7.

The variation of Δ𝐿𝑓ℎ across the different locations reflects the trend 
of the other metrics. Overall, Δ𝐿𝑓ℎ is always above 8.5 years for 𝑃1
panels, whilst for 𝑃2 this reaches almost 10% of the total reference life 
in the case of Montreal. More in detail, the trend of 𝜁 over 𝐿𝑓 is depicted 
in Fig. 8.

Along the same line, the reduction of the EROI is depicted in Fig. 9. 
This reduction is between 41 and 46% for 𝑃1 and between 3 and 15% 
for 𝑃2.

The final comparison of expected monetary costs and emissions, be-
tween BIPV and buildings, is reported in Table 3, which lists 𝑀𝑟 and 𝐶𝑟
values.

It appears that 𝑀𝑟 and, to a higher extent, 𝐶𝑟 are always significant 
in the case of an SHF and a 𝑃1 panel, with both being more than 100% 
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Fig. 7. Expected loss in service life years due to hail damage over a reference 
life of 25 years.

Fig. 8. Failure probability, 𝜁 trend over the service life.

Fig. 9. Expected reduction of the EROI due to hail damage.

Table 3 
Values of ratios 𝑀𝑟 and 𝐶𝑟 according to 𝛾𝑆𝐹𝐻 and 𝛾𝐴𝐵 .

Location Panel type 𝑀𝑟 (%) 𝐶𝑟 (%)
 SFH  AB  SFH  AB

Bern
𝑃1  49  5  75  8
𝑃2  1.5  0.1  2  0.2

Groningen
𝑃1  0.70  0.07  1.07  0.11
𝑃2  0.03  0.003  0.05  0.005

Montreal
𝑃1  118  12  180  18
𝑃2  12  1  18  2

in the case of Montreal. Conversely, the same consequence ratios are 
much lower for 𝑃2 panels, being above 10% only in SHF in Montreal. It 
is worth recalling that the comparisons in Table 3 do not differentiate by 
specific building characteristics and thus constitute an expected average. 
A more precise assessment would require higher details in components 
definition, i.e. roofs, ETICS, windows etc, and their hail vulnerability.

4.  Discussion

4.1.  Practical implications

4.1.1.  Standards and building codes
𝑀𝑝𝑣, 𝐶𝑝𝑣, Δ𝐿𝑓ℎ and Δ𝐸𝑅𝑂𝐼ℎ, especially those calculated for 𝑃1, ap-

pear significant. Still, 𝑃1 panels were compliant with the international 
IEC 61,215 [28] and the compliance was also confirmed by the ex-
perimental tests of [25]. Hence, it may be argued that the minimum 
mandatory hailstone size, and consequently, the terminal velocity, for 
the IEC 61,215 should be increased. It is also evident that risk metrics 
for 𝑃2 panels show a 4-5 fold variation on average across the differ-
ent locations. This underlines that risk metrics are highly site-specific 
and depend significantly on hazard levels. Hence, another option could 
be shifting from optional to mandatory tests at higher hailstone sizes 
and velocities with resulting class-based minimum resistances. The rel-
evant PV resistance classes will then be selected by designers or set as 
minimum performance by authorities following the site-specific hazard 
level. In this respect, countries like Switzerland [27] have already im-
plemented independent testing protocols more stringent than the IEC 
6125. Similarly, some manufacturers offer products with higher resis-
tance. Finally, it has to be considered that in some countries, for instance 
Italy with the NTC 2018 [89], building codes have started including in-
tegrity and serviceability provisions on technical components. As more 
and more components will be placed on the exterior of the building en-
velope, such as BMPV or external heat pump compressors, other codes 
and standards will require additional checks on technical systems, as is 
the case for classic structural and non-structural components.

4.1.2.  Mitigation measures
An increase of 𝑇 𝑔, from 3.2mm in 𝑃1 panels to 4mm in 𝑃2 panels, 

can significantly reduce hail risk. For instance, Δ𝐿𝑓ℎ vary from 8.76-
10.87 years range for 𝑃1 to 0.44-2.22 years for 𝑃2. At the same time, 
the variation in the 𝑃2 range is not negligible as already underlined. 
These two considerations suggest that even higher 𝑇 𝑔 may be effective 
to protect PV panels in locations characterized by higher hazard lev-
els. Nonetheless, other possible mitigation measures may be considered, 
such as active systems deploying shields on PV or varying the inclination 
angles [90]. Although these solutions are already present in the market 
to a certain extent, the approach adopted in this work may provide a 
cost-benefit analysis.

4.1.3.  Building components fragility
The results confirm previous research that underlined the impor-

tance of hail risk for several building components [37,38]. Indeed, given 
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the comparison values from Table 3, hail damage to BMPV may repre-
sent up to 118% of a building total damages. Hence, it is reasonable 
to think that a component-based approach to hail risk assessment for 
buildings may prove an effective strategy. At the same time, this ap-
proach relies more on bottom-up assessment rather than higher details 
in empirical post-disaster analyses such as [32,73]. A component-based 
approach may also be useful in the case of BIPV [91] where vulnerable 
components could represent a non-negligible share of the building enve-
lope. Furthermore, probabilistic risk assessment could be also extended 
to other external components such as heat pumps [92] and ETICS [35] 
where current testing requirements are either absent or possibly not de-
manding enough. In general, whilst the component-based approach is 
critical in building risk assessment [47,93], it is still rather unused in 
the case of integration with life cycle analysis [94].

4.1.4.  Replicability of the methodology
The methodology presented in Section 2 can effectively be applied 

in other contexts to assess the impact of hail hazard on the life cycle 
of PV panels. The inputs required are a hazard and a fragility model 
sharing the same IM as in our case, 𝐷ℎ. Moreover, the definition of con-
sequence metrics, such as unit cost and emissions, allows the estimation 
of EALs. It is, however, important to consider that such metrics should 
be normalised on 𝐴𝑠, since the area of the system under study affects 
the hazard level. This aligns with risk assessment for other components 
such as roofs [38] and cladding panels [37], where the area has been 
accounted for.

4.2.  Limitations

Starting from the hazard models used in Section 2.1, the approach 
and data adopted have two main limitations. First, data on the return 
time of 100 years, which was the highest available for Switzerland and 
the Netherlands models is not sufficient. For reference, a 0.1% EAL, 
which is quite significant for risk assessment of buildings [6], is the 
result of a theoretical 1 ⋅ 10−3 annual rate combined with an expected 
damage of 100%. Although a linear interpolation in a semi-log space 
can be a solution, it may carry a certain degree of approximation. Sec-
ond, the conversion from MESHE area to 𝐴𝑠 was performed for all the 
locations according to the analytical solution of the Swiss model [65]. 
A site-specific conversion law would probably improve the accuracy of 
the results.

Passing to the BMPV response model presented in Section 2.2.1, it 
has to be considered that available experimental data on front glass re-
sponse at higher hailstone sizes and for different thicknesses are rather 
scarce. Hence, the fragility functions of Fig. 4 have been derived with 
a few assumptions based on the experimental results from [25]. For 
the sake of discussion, varying the lower and higher probability bounds 
from 0.05 and 0.95 to 0.20 and 0.80 would have resulted in a variation 
of the EROI reduction in the order of 1% max. This underscores that 
the risk metrics results are not so influenced by the fragility curve pa-
rameter 𝛽. Nonenetheless, in this respect, more tests on covering more 
and higher hailstone sizes would be needed. Along the same line, in 
this work, we have only considered a failure mode equivalent to a 
very severe breakage. However, failure modes with less severe conse-
quences may still influence the overall risk, as it is known for dam-
age accumulation phenomena in glass material [21,72]. In this case, 
the hailstorm hit rate could integrate the hazard model [37,38]. This 
is similar to other natural hazards, such as earthquakes, where simu-
lating the effects of the time history of external forces may prove su-
perior to using a single value IM [95,96]. Accuracy limitations are, 
however, in line with the results of previous empirical studies [22,24], 
where the relationship between hail size and damage is affected by high
uncertainty.

Concerning building response model in Section 2.2.2, the empiri-
cal data from [32] do not differentiate by building type, nor geome-
try, or other construction characteristics. Such characteristics, and, as 

discussed before, the presence of vulnerable components, may indeed 
influence the response model and consequently the risk levels. Finally, 
the consequence metrics used in Section 2.3 are derived from average 
values, selected to provide an estimate of the risk levels. Still, these met-
rics could vary based, for BMPV, on the specific products and, for build-
ings, on the characteristics of the construction and other site-specific 
factors. There could be correlations between 𝑇 𝑔 and 𝑈𝐶, 𝐸𝐶, 𝐿𝑓 and 
the EROI, entailing possible offsets between resistance and any perfor-
mance metrics. For instance, according to mechanical testing of [97], 
mono-crystalline and poly-crystalline have different resistance to im-
pact. In this context, an accurate risk assessment should account for 
these effects.

5.  Conclusion and future developments

This work has investigated the impact of hail hazard on the 
life cycle of BMPV systems. An analytical framework based on PBE 
methodology has been adopted for hail risk assessment. Hail hazard 
models from three geographical regions, corresponding to the areas 
of Bern, Groningen and Montreal, are employed to predict annual 
occurrence depending on maximum hailstone sizes. Experimental 
and empirical data are used to build response models of BMPVs with 
different front glass thicknesses and of whole buildings. The analyses 
relied on consequence metrics to estimate expected monetary cost, 
embodied carbon emission, loss of service life and EROI reduction of
BMPVs.

The main conclusions, in relation to the goals presented in Section 1, 
are outlined below:
1) PBE-based approach is a viable methodology for hail risk assessment. 

In particular, maximum hailstone size can be used as the intensity 
measure for both hazard and response models. Hence, hailstone sizes 
should be described in terms of annual occurrence and induced dam-
age upon impact on the system under study.

2) Expected annual costs and emissions, due to hail risk, are in the range 
of 16.5–27.42 eand 7.54-12.54 𝑘𝑔𝐶𝑂2𝑒𝑞 per square meter of panels 
with front glass of up to 3.2mm thickness. The range is 0.5 - 2.72 
eand 0.23-1.25 𝑘𝑔𝐶𝑂2𝑒𝑞 in case of a 4mm thickness. The loss of ser-
vice life amounts to 8.76-10.87 years and 0.44-2.22 years for 3.2mm 
and 4mm thicknesses, respectively. The expected EROI reduction 
is in the ranges of 41.21–46.52% and 3.39-15.07% for 3.2mm and 
4mm thicknesses, respectively. It can be concluded that hail risk is 
significant and should not be neglected in life cycle analyses of BM-
PVs.

3) Monetary costs and emissions due to BMPVs can be comparable or 
even higher, up to 118% of costs and 180% of emissions, than the 
hail hazard impact on the whole building. This is especially true for 
single-family houses with low glass thicknesses BMPVs in areas char-
acterized by higher hazard levels.
These results can support policymakers in improving minimum 

mandatory hail resistance for PV panels and, in general, for hail risk 
management of the building stock. Moreover, system designers may 
adopt the presented framework to assess the costs and benefits of panel 
characteristics and possible mitigation measures. Several limitations of 
the study have also been discussed. In particular, the definition and 
application of the proposed design method could be improved by fu-
ture research along the following lines: i) definition of hail hazard 
models for more geographies, focusing on intensity measures adopt-
able in risk assessment frameworks; ii) experimental tests covering a 
wider range of hailstone sizes, panel characteristics, and inclination 
angle to produce better response models able to inform generalizable 
FEMs; iii) experimental investigation of damage accumulation effects; 
iv) study of the correlations between hail resistance and other panel 
performances metrics, including costs and emissions; v) evaluation of 
alternative mitigation measures for panels protection, vi) perform a 
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sensitivity analysis on the various parameters influencing the hail risk
assessment.
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