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Abstract
The aim of this paper is to examine the impact of dependencies between climate 
transition and physical risks on the default probability and profitability of a non-
life insurer focusing on the scenario of a delayed and sudden transition. Toward this 
end, we suggest a simplified modeling approach for scenario analyses for climate 
risks affecting assets and liabilities, taking into account potential nonlinear depend-
ence structures. Our results show that dependencies on the liability side and between 
assets and liabilities in the context of physical-transition scenarios can have a sig-
nificant impact, particularly on the default risk of a non-life insurer. We addition-
ally analyze the mitigating effects of stop loss reinsurance and risk-adjusted pric-
ing, which—if implementable—seem to be an effective risk management measure 
against physical climate risks in particular.

Keywords Non-life insurance · Collective risk model · Climate risks · Nonlinear 
dependencies · Asset-liability management

JEL Classification C51 · G22 · G32 · Q54

1 Introduction

Climate risks represent one of the most significant and unpredictable emerging 
risks in current times, and can be categorized in transition risks and physical risks 
(see [17, 20]). Physical climate risks arise either directly from the consequences of 
extreme weather events, or indirectly through, for example, the breakdown of supply 
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chains. In the case of a non-life insurer, these risks relate in particular to liabilities 
[21]. Transition risks refer to market and credit risk of assets in carbon-intensive 
sectors due to the transition to a low-carbon economy, as a result of far-reaching pol-
icy decisions to rapidly reduce carbon emissions, which may also result in regula-
tory and legal risks, as well as due to potential changes in technology as well as cus-
tomer demand [11, 20]. While transition risks may also have an impact on liabilities, 
e.g., in the form of climate litigation risks in specialized insurance policies such as 
Directors’ and Officers’ liability, the primary influence of transition risks is typically 
on assets [6]. In this context, Golnaraghi [29] and the German supervisory authority 
BaFin [11] emphasize the significance of considering the interdependence between 
climate transition and physical risks, which consequently extends to interdepend-
ence between assets and liabilities to be taken into account within an asset-liability 
management. Given their diverse and interlinked nature, EIOPA [20] also highlights 
the need for a comprehensive assessment of both physical and transition risks in a 
climate stress test. The short-term nature of possible shock scenarios with regard to 
physical climate risks and transition risks is pointed out in EIOPA [20], and Cam-
piglio et al. [12] point out the significant economic costs of accumuluation effects 
resulting from a sudden transition after a climate-related natural disaster.

Since 2022, EIOPA requires European insurers to include climate scenario analy-
ses within their ORSA process, which in a first step may be qualititative, but are 
generally expected to be quantitative in a second step the following year [21]. In 
this context, the aim of this paper is to conduct a climate risk scenario analysis with 
focus on the impact of climate risk-induced tail dependencies between claim fre-
quency and severity as well as between assets (climate transition risks) and liabili-
ties (physical climate risks) in an asset-liability management setting. The analysis 
is based on NGFS [37] scenarios and is intended to examine how climate transition 
and physical risks can accumulate on the balance sheet and potentially impact a non-
life insurer’s profitability and default risk [20, 37].

Toward this end, we first model the impact of physical climate risks on liabili-
ties, which may be subject to more frequent and more severe natural disasters. 
While dependence structures within a collective risk model have already been well 
studied (see, e.g., [1–3, 10]), including the context of natural catastrophe risk [9], 
we use a different approach in the present setting by assuming an upper tail depend-
ence between the frequency and severity of claims. We then model the impact of 
climate risks on assets, which may result from a sudden and disorderly transition 
to a low-carbon economy through a sharp increase of carbon prices, for instance, 
following the scenario described by EIOPA [21]. Last, we consider the scenario 
of a physical-transition disaster scenario (too little, too late) of a delayed and then 
sudden transition, as reflected by a negative climate-induced correlation between 
assets and liabilities [11]. This scenario is modeled using tail dependence, whereby 
a major increase in physical risks (visible on the liability side) results in an abrupt 
transition of the economy, leading to higher transition risks on the asset side. We 
finally examine the impact of reinsurance and risk-adjusted pricing in this setting, 
and the extent to which reinsurance may help mitigate climate-related impacts. The 
present work is therefore also related to the literature on asset-liability as well as 
risk- and value-oriented management under Solvency II, e.g., Eckert and Gatzert 
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[15] and Eling et al. [16]. The effect of these types of climate risk scenarios on a 
non-life insurer’s default probabability and expected surplus are then studied using 
Monte-Carlo simulation with scenario and sensitivity analyses.

Our findings show that considerations of tail dependencies in climate risk scenarios 
can disproportionately affect the solvency situation of a non-life insurer as well as its 
profiability. While effects resulting from physical climate risks seem to be managable 
by risk-adjusted pricing and adequate reinsurance (if available), a simultaneous impact 
of physical and transition risks has a major impact on a non-life insurer’s default risk 
depending on the respective asset allocation, investments in high-carbon segments in 
particular, despite risk management measures.

The remainder of this paper is structured as follows. Section 2 describes the model 
framework for a non-life insurer, numerical results are presented in Sects.  3 and 4 
concludes.

2  Model framework

Designing appropriate climate change scenarios for the purpose of assessing the vul-
nerability and resilience of insurers is crucial in a climate stress test [20] within an 
asset-liability management. In particular, both the joint and separate consideration of 
physical and transition risks is essential. Therefore, we use the four basic scenarios 
described in the NGFS [37] and also applied by EIOPA [20].

In the baseline scenario, it is assumed that a well-orderly transition to a car-
bon–neutral economy takes place and climate goals are achieved, i.e., the baseline 
scenario involves neither additional physical nor transition risks. However, regard-
less of the respective paths and greenhouse gas emissions, a global warming of 
1.5  °C—along with the resulting physical climate risks—are expected by 2050 
[32]. The impact of physical climate risks then depends on whether the targets 
of the Paris Climate Agreement are met. If not, this will have an considerably 
adverse impact on the liabilities, which is also referred to as the hot house world 
scenario (see Sect. 2.1). While we follow the EIOPA [20] in this scenario, we note 
that there are concerns that especially physical climate risks may be significantly 
underestimated in such commonly used climate models due to the influence of 
climate tipping points, involuntary mass migration, and the associated uncertainty 
in the hot house world scenario ([31], p. 6). Therefore, our approach should only 
represent the impact in this scenario in a conceptual manner. The impact of transi-
tion risks depends on whether the transition to a low-carbon economy is orderly 
or disorderly and sudden, with regulatory actions adversely affecting assets (see 
Sect. 2.2). In case physical risks force a (delayed) disorderly sudden transition (too 
little, too late), there will be a simultaneous impact on both assets and liabilities, 
and additionally a climate-induced dependence between assets and liabilities is 
considered (see Sect. 2.3).
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2.1  Liabilities

In non-life insurance, a central risk in this context is the occurrence of a high num-
ber of claims resulting from catastrophic events, requiring simultaneous handling. 
This can also lead to operational and liquidity constraints, as well as solvency issues. 
Therefore, due to the increasing climate-related catastrophic losses, physical climate 
risks pose a significant threat to the liabilities of non-life insurers (see, e.g., [19]). 
These losses are primarily driven by more frequent and more severe natural disaster 
events such as heatwaves, wildfires, storms, and floods [20, 33] and are expected 
to impact all property-related lines of businesses [22]. For example, Knutson and 
Tuleya [34] observe a positive correlation between  CO2 concentration and hur-
ricane intensity as well as precipitation. With respect to floods, Kreienkamp et al. 
[35] find that the probability of a heavy rain event such as the one which triggered 
the severe flood in Germany in 2021 (region Ahr/Erft) could increase by 20–40% 
even in a 2  °C scenario. The risk modeling agency RMS further notes that aver-
age annual losses resulting from floods for European insurers could increase by 
26–80% by mid-century [5]. Any variations in the expected probability and intensity 
of such events are expected to affect all property-related lines of business [22]. As a 
result, assumptions regarding the distribution of claims should increasingly take into 
account heavy-tailed properties [30] and a higher volatility [23].

In the collective risk model, the total amount of claims up to time t is described 
as a stochastic sum

where Nt denotes the frequency of claims up to time t and Xi denotes the severity of 
the i-th claim, whereby {Xi}i∈ℕ are assumed to be i.i.d. (see, e.g., [8]). Let { Wi}i∈ℕ 
be the claim inter-arrival times, i.e., Wi is the time between the (i–1)-th and i-th 
claim. The initial model assumes independence between claim severity {Xi}i∈ℕ and 
claim inter-arrival time { Wi}i∈ℕ , which translates into independence between claim 
frequency and severity. Integrating natural disaster risks into this claim model is car-
ried out in Biard et  al. [9], for instance, focusing particularly on earthquakes and 
flood damage. For this purpose, dependencies between each claim severity and the 
previous (or more generally the past) claim inter-arrival time are applied and investi-
gated. Using a different approach, in Albrecher and Boxma [2] the inter-arrival time 
between two claims depends on the prevoiusly occurred claim severity. Albrecher 
and Teugels [3] further consider a copula-based dependence structure between the 
inter-arrival time and the successive claim severity, and similar approaches are pre-
sented in Boudreault et  al. [10], Meng et  al. [36] or Ambagaspitiya [4], whereby 
dependence itself is always assumed between the inter-arrival time and the claim 
severity.

In this paper, we take a different and simplified approach by directly assuming 
a dependence between claim severity and frequency, without an indirect route via 
interdependent inter-arrival times of claims. In order to meet the requirements for 
a claims distribution with higher expected value and more volatility, our approach 

(1)S̃t =

Nt
∑

i=1

Xi,
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assumes that, as a result of more and increasingly intense natural catastrophe events, 
both the number of claims ([26], p.41) and their severity1 will increase consider-
ably, which we translate into an upper tail dependence between claim frequency and 
severity.2

To define a dependence structure between the random variables {Xi}i∈ℕ  and 
{Nt}t∈ℝ+ , the stochastic sum in Eq. (1) needs to be rewritten and simplified. For this 
purpose, we first focus on the one-year total claims amount S1 and replace the sto-
chastic claim severities with 52 i.i.d. random variables {Xw}w∈{1,..,52} , which denote 
the average claim severity in week w.3 The total amount of claims is then given by

where Nw is the frequency of claims in week w . To model catastrophic loss events 
under climate risks, we assume an upper tail dependence between Nw and Xw , mean-
ing that if a high number of claims occurs in week w, then the claim severity of 
those claims is also likely to be high and vice versa. The dependence structure 
between the frequency of claims within one week Nw and the claim severity Xw in 
week w is described by a copula CFS , which is fixed for all weeks w ∈ {1,…, 52} and 
is assumed to have upper tail dependence, e.g., a Gumbel or rotated Clayton copula. 
The bivariate Clayton copula based on Clayton [14] is thereby defined as

For the dependence structures implemented in this paper, a 180° rotated Clayton 
copula is used:

Furthermore, we assume that the frequency of claims Nw is Poisson distributed 
and that the average severity of claims Xw follows by approximation a normal distri-
bution due to the central limit theorem.

The effect of the strength of dependence of the copula CFS
�

 is illustrated in Fig. 1, 
where the probability density functions for the total claims amount S1 from Eq. (2) 
are displayed based on the rotated Clayton copula CFS

�
 defined in Eq. (4) for different 

strengths of dependence expressed by Kendall’s tau �� . It can be seen that with an 

(2)S1 =

52
∑

w=1

Nw ⋅ Xw

(3)CCl
�

(

u1, u2
)

= max

{

(

u−�
1

+ u−�
2

− 1
)−1∕� , 0

}

, u1, u2 ∈ [0, 1], � ∈ (0,∞).

(4)CFS
�

(

u1, u2
)

= u1 + u2 − 1 + CCl
�
(1 − u1, 1 − u2)

1 For example, in 2020, the German the non-life insurance industry faced claims with an average sever-
ity of 2358€ [27]. In 2021, the flood event “Bernd” caused about 213,000 (additional) claims for non-life 
insurers with an average claim severity of 39,900€ [28]. Overall, this resulted in an average claim sever-
ity of 2872€ in 2021, which was therefore 21.8% higher than in the previous year.
2 Note that this assumption represents one possible way of how climate risks may materialize in the con-
text of claims, and that it is intended as a type of scenario analysis for the liability side, while our focus 
will be laid on interactions between assets and liabilities as laid out later.
3 The period of one week is selected because climate-related natural disasters can be assigned to a par-
ticular week in the majority of cases (~ 77%), see CRED [13].
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increasing strength of dependence �� , the upper tail of the total claims distribution 
becomes increasingly heavy, see Fig. 1.

Since such climate risk driven upper tail dependencies should have a stronger 
impact on the tails of the total claims distribution, we also consider the relevance 
of a stop-loss reinsurance (solely to gain insight, without focusing on optimization 
or other reinsurance types; see, e.g., [41], for such an analysis). If the annual total 
amount of claims S1 exceeds the priority P, the difference to P is covered by the 
reinsurer. The reinsurance payout  XSL can thus be expressed by

For pricing, we use the expected value principle with proportional loadings � for 
the primary insurer and �SL for the reinsurer, resulting in annual premiums

We note at this point that the reinsurance market may be heavily impacted by 
the occurrence of large catastrophic events and historically exhibited cycles of 
hard markets (high prices, limited capacity) and soft markets (low prices, sufficient 
capacity) [38]. As a result, the affordability and availability of suitable reinsurance 
products are becoming increasingly challenging due to the growing number of natu-
ral disasters [39].

As a central component of physical climate risk, which may lead to shifts and 
heavy tails in the total claims distribution, underwriting risk is considered as a key 
aspect affecting a non-life insurer’s liabilities [20]. Underwriting risk refers to the 
risk that an insurer will suffer losses due to inadequate pricing or underestimation 

(5)XSL = max
(

S1 − P, 0
)

.

(6)p = (1 + �)E
[

S
1

]

and Π =
(

1 + �SL
)

E
[

XSL
]

.

Fig. 1  Density of total annual claims as a function of Kendall’s tau �� between claim frequency and 
severity according to Eq. (2), given copula CFS

�
 [Eq. (4)]
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of the risk associated with a particular policy. According to EIOPA [19], the pos-
sibility to re-price risks due to short-term contracts may have commercial and social 
limits in the medium- and long-term perspective. For example, Tesselaar et al. [39] 
show that annual re-pricing in the context of climate change may not be sustainable 
in European flood insurance markets. An increase in premiums and changes in con-
tractual conditions (e.g., higher deductibles and exclusions) may also have adverse 
consequences for the insurance industry in terms of reputational risk, making insur-
ability and affordability challenging from a societal perspective [22]. Moreover, an 
insurer may not be able to re-price the contract annually due to customer relation-
ships, despite the possibility from a purely contractual point of view [19].

To account for the potential underwriting risk associated with arising nonlinear 
dependencies and thus increasing total claims amounts, we consider two scenarios: 
one in which the insurer adjusts its premium calculation to take into account the 
heavier tails and higher expected value in Eq. (6), and one in which it does not. Not 
taking into account dependencies results in underwriting losses as premiums are cal-
culated based on the total claims distribution according to Eq. (2) without dependen-
cies, i.e.

Furthermore, we assume that the reinsurer as the main carrier of natural catas-
trophe risks always takes into account climate risk (i.e., in our case the upper tail 
dependence between claim frequency and severity), leading to the reinsurance pre-
mium defined in Eq. (6).

2.2  Assets

The impact of transition risks on assets is mainly determined by market risks and 
credit risks [20]. Market risks result from a potential impairment of financial assets 
due to the transition to a low-carbon economy, e.g., stranded assets and a drop of 
market values in carbon-intensive industry sectors. Credit risks occur in case of 
a deterioration of counterparties’ creditworthiness, as companies that do not ade-
quately account for transition risks may suffer losses. Both types of risk can have a 
negative impact on an insurers’ asset value in the sense of an equity price or yield 
shock [20]. In order to model and assess climate risks on the asset side, we con-
sider the adverse environmental scenario described in EIOPA [24] as the basis, 
where transition risks in particular play a dominant role. In this scenario, a sudden 
disorderly transition to a carbon–neutral economy through an increase in carbon 
prices leads to increasing short- and long-term interest rates and to sharply declining 
equity prices that depend on the industrial sector. The calibration will be based on 
the quantitative results of this scenario for Institutions for Occupational Retirement 
Provisions (IORPs) as described in EIOPA [25]. Considering that non-life insur-
ers tend to be relatively less exposed to market risk than life insurers and IORPs in 
terms of solvency capital requirements [18], the impact of a sudden transition on 
IORPs assets can be interpreted as an upper bound for non-life insurers.

(7)
p = (1 + �)E

[

S1
]

, where CFSis given by the independence copula CI
(

u1, u2
)

= u1 ⋅ u2
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With respect to assets, the initial asset value A0 is composed of initial equity U0 
and premium income p minus the reinsurance premium Π , which is invested at the 
capital market and earns a stochastic one-period return r1 (see, e.g., [16], or [15], for 
such a model). With the one-year asset value being.

the insurer’s surplus U1 is then determined by

Based on the asset classes government bonds, coporate bonds, equity, property, 
and others, EIOPA [20] further classifies assets in equity and corporate bonds into 
high-carbon “brown” investments and “green” investments, with the shock factor in 
the transition shock scenario being substantially higher for brown investments than 
for others. In our context, brown assets include investments in the industrial sec-
tors “mining and quarrying, manufacturing petroleum, manufactoring mineral and 
non-metal, electricity and transport” [25], p. 18), which suffer the five highest rela-
tive shocks in the 2022 IORP stress test by EIOPA [25], and thus coincide with 
relevant sectors according Battiston et al. [7]. As shown in EIOPA ([25], pp. 19–20), 
the transition shock has similar effects on government bonds, non-brown corporate 
bonds and non-brown equities due to increasing interest rates and higher default 
rates. Overall, the drop in these non-brown asset classes was approximately 12% in 
one year, while the average decline for brown investments (in the five brown indus-
tries) ranges from about 21% for bonds to about 27% for equity. In what follows, we 
distinguish between “brown” investments and “others”. Depending on the individual 
asset allocation of the insurer, the annual rate of return is determined by

where qBI and rBI
1

 denote the proportion and return of brown investments (in equity 
and corporate bonds) and rOther

1
 denotes the return rate for the remaining assets. 

For simplicity, we follow EIOPA ([23], p. 61) and for the non-transition scenarios 
assume that rBI

1
 and rOther

1
 are normally distributed with the same parameters �r and 

�r′ , which are independent of the carbon-sensitivity of the asset class and thus equal 
for both subportfolios. To take into account the impact of climate risks and exposure 
to transition risks in the transition scenarios, we consider shock factors cBI and cOther 
that negatively affect the expected value of the respective returns as follows

Although also the standard deviation may be affected by a transition scenario, 
we here focus on the affected expected returns. Both stochastic return rates are fur-
ther assumed to be correlated with a correlation coefficient �(rBI

1
, rOther

1
). To exclude 

diversification effects in the sensitivity analysis stemming from the correlation 
between brown and other assets, we fix the volatility of the total portfolio �r  and 
scale the standard deviation of the brown and other subportfolios �r′ by.

(8)A1 = A0 ⋅

(

1 + r1
)

,A0 = U0 + p − Π,

(9)U1 = A1 − S1 + XSL.

(10)r1 = qBI ⋅ rBI
1
+ (1 − qBI) ⋅ rOther

1

(11)rBI
1

∼ N
(

�r − cBI , ��
r

)

and rOther
1

∼ N
(

�r − cOther, ��
r

)
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2.3  Nonlinear climate‑risk induced dependencies

In addition to the simultaneaous impact of climate risks on assets and liabilities of a 
non-life insurer, we consider the following situation in the context of scenario analyses. 
As described before, if necessary actions to meet climate goals are not implemented 
in time by policymakers, there is a possibility that a sharp increase in physical risks 
requires a delayed and abrupt transition of the economy. This in turn would lead to 
higher transition risks on the asset side, in addition to higher physical risks, as also 
described by BaFin [11] for instance (too little, too late scenario, see [20, 37]). Based 
on these considerations, we postulate a nonlinear dependence structure between the 
rate of return of brown investments rBI

1
 and the total claims amount S1 . This implies that 

high claims, which may be caused by higher physical climate risks, are likely to come 
with lower returns for assets that are highly exposed to transition risks, brown assets 
in particular. In this environment, a dependence between physical climate risks, which 
mainly affect liabilities, and transition risks affecting assets, translates into a depend-
ence between assets and liabilities. The dependence structure between the return rate 
for brown investments rBI

1
 and the total claims amount S1 is represented with a copula 

CAL . We define a 90° counterclockwise rotated Clayton copula as defined in Eq. (3) as 
the dependence structure by

Random numbers from both copulas applied are shown in Fig.  2 to illustrate the 
causal relationship expressed by dependence structure.

2.4  Default probability and expected surplus

In order to examine the effects of short-term shocks on the solvency situation, we con-
sider the one-year default probability DP as the probability that the surplus at time 1 
becomes negative, i.e., assets are not sufficient to cover the total claims, by

As a metric for the impact on the balance sheet [21]. For evaluating the effect of 
physical and transition risks on profitability, EIOPA [21] further suggests investigat-
ing the overall impact on the firm’s profit [20, 21]. We thus consider the expected 
surplus

where U1 is defined according Eq. (9).

�r� =
�r

√

qBI
2
+
(

1 − qBI
)2

+ 2qBI
(

1 − qBI
)

�
(

rBI
1
, rOther

1

)

(12)CAL
�

(

u1, u2
)

= u2 − CCl
�

(

1 − u1, u2
)

.

(13)DP = P
(

U1 < 0
)

(14)ES = E
[

U1

]

,
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3  Numerical analyses

Our numerical analysis involves estimating input parameters and conducting sce-
nario and sensitivity analyses. In scenario analyses, we aggregate physical and tran-
sition risks, while sensitivity analyses will be performed to study the behavior of 
key figures under varying degrees of dependencies and proportions of brown invest-
ments. In addition, the influence of mitigating effects through reinsurance and risk-
adjusted premiums is examined.

3.1  Input parameters

The input parameters listed in Table  1 were chosen for illustration purposes and 
were subject to robustness tests. The distribution parameters for the liability model, 
namely the expected values of claim severity and frequency (in thousands) and the 
standard deviation of the average weekly claim severity, are based on the claim fre-
quencies and inflation-adjusted insurance claims of all German non-life insurers in 
the period from 2010 to 2021 [27]. The initial expected asset return �r and volatility 
�r of the overall portfolio are illustratively chosen considering the capital market 
line in Eckert and Gatzert [15] as an upper bound, and �r′ is derived as described in 
Sect. 2, resulting in 10.17%. Both the transition shock factors cBI and cOther and the 
proportion of brown assets qBI are averaged and rounded values following the quan-
titative results of the climate stress test by EIOPA ([25], pp.16–20) for IORPs. The 
proportion of brown assets of 3.4% is also similar to the value estimated in Weyzig 
et al. [40] of 4.4% and is subject to sensitivity analyses in Sect. 3.3. The strengths 
of dependencies are defined based on �� = 0.3 for CAL

�
 and �� = 0.6 for CFS

�
 and are 

subject to sensitivity analyses in Sect. 3.3 as well. The initial equity is calibrated to 
achieve a one-year default probability of 0.5%, as required as a minimum by Sol-
vency II. To obtain results, a Monte Carlo simulation is run with 10 million sce-
narios with the same random numbers for comparability.

Fig. 2  Simulation of 10,000 random numbers from the dependence describing copula between claim fre-
quency and severity CFS

�
 (left) and between total claims amount S

1
 and rate of return rate rBI

1
 for brown 

assets exposed to climate risks CAL
�

 (right)
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3.2  The impact of climate risks

As described in Sect. 2, our scenario analyses are based on the four basic scenarios 
according to NGFS [37] that focus on the impact of physical and/or transition risks. 
The orderly transition scenario serves as the baseline setting without any (addi-
tional) climate risk exposure and is calibrated to result in a one-year default prob-
ability of no more than 0.5% by adjusting the initial equity capital respectively (see 
Table 1). The disorderly transition scenario involves a sudden transition that causes 
a shock to normally distributed asset returns [according to Eq. (11)]. In contrast, the 
hot house world scenario does not include an asset shock, but results in an upper tail 
dependence between claim frequency and severity to reflect physical climate risks 
[Eqs. (2) and (4)] (we once again point out the potential underestimation of climate 
risks in this scenario due to nonlinear tipping points as described in Sect. 2). The 
too little, too late scenario represents a simultaneous impact of physical and transi-
tion risks on assets and liabilities, where we also consider tail dependencies between 
assets and liabilities (too little, too late + tail). Table 2 shows the effect of climate 
risk scenarios on the expected surplus (14) and default probability (13) of the non-
life insurer for a short-term perspective of one year, as well as the potential miti-
gating effects of including a stop-loss reinsurance contract (+ SL) and risk-adjusted 
pricing (+ adj.) [see Eqs. (5), (6), and (7)].

As can be seen from Table 2, the impact of the scenarios is more pronounced for 
the default probability than the expected surplus. In the disorderly transition sce-
nario, we first study the impact of a transition shock to the insurer’s assets, which 

Table 1  Input parameters

a Calibrated to VaR(90%) of total annual claims distribution without dependence between frequency and 
severity

Parameter Notation Value

Initial equity E
0

16.12 mio
Expected frequency and variance of claims per week E

[

Nw

]

= �2(Nw) 482
Expected weekly claim severity E[Xw] 2363
Standard deviation of the weekly claim severity �(Xw) 1226
Expected rate of return �r 5%
Standard deviation of return rate of the overall portfolio �r 10%
Correlation coefficient between brown and other assets �(rBI

1
, rOther

1
) 0.5

Premium loading for insurer � 5%
Premium loading for reinsurer �SL 5%
Priority for reinsurance  contracta P 64.72 mio
Transition shock factor for brown investments cBI 24.1%
Transition shock factor for other assets cOther 12.4%
Proportion of brown investments in assets qBI 3.4%
Dependence describing copula for return of brown assets and total claims CAL

�
CAL

6

7

Dependence describing copula for frequency and severity of claims CFS
�

CFS
3
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results in a 48% decrease in the expected surplus and a significant increase in the 
default probability from 0.5% to more than 7.3%. This can be explained by the fact 
that in such a transition scenario, not only (the small portion of) brown investments, 
but also “other” investments suffer from such a shock (here by 12.4% in line with 
[25], with a 24.1% decline in case of brown assets). Adding a stop-loss reinsurance 
contract still reduces the default proability, but only by about 7% in relative terms as 
compared to about 25% in the baseline scenario without the transition shock.

We next consider the effect of the hot house world scenario, where only physical cli-
mate risks are modeled by assuming an upper-tail dependence between the weekly claim 
frequency and severity. In this case, the default probability also considerably increases to 
0.8%, but still much less severe than in the previous pure disorderly transition scenario, 
while the expected surplus is reduced by 4.7%. Adding reinsurance (SL) in this situation 
helps to considerably reduce the default probability to 0.52% and to improve the expected 
surplus as well. If the insurer is additionally able to adjust its pricing adequately by tak-
ing into account physical climate risk through higher premiums (adj), one can observe 
a strong positive effect on both default risk and expected surplus (also compared to the 
baseline scenario), especially when combining risk-adjusted pricing with reinsurance.

Table 2  Climate risk scenarios with resulting default probability and expected surplus as well as mitigat-
ing effects by reinsurance and risk-adjusted pricing
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The third scenario too little, too late combines both transition and physical cli-
mate risks on the asset and liability side. While the impact on the expected sur-
plus is given by adding both individual effects of physical (hot house world) and 
transition (disorderly transition) risks, the combined impact on the probability of 
default is greater than the sum of the individual effects, resulting in a default prob-
ability of 9.58%. Adding tail dependence between assets and liabilities (too little, 
too late + tail) in the last scenario further increases the default probability to 11.9% 
due to the even stronger emphasis on tail events, while the expected surplus remains 
almost unaffected. In all scenarios, the mitigating effect of stop-loss reinsurance as 
well as risk-adjusted pricing can be seen, highlighting the importance of these meas-
ures in the context of climate-related disaster scenarios.

3.3  Sensitivity analysis

To investigate the robustness of the results presented previously, we vary the 
strength of dependence of both copulas, CFS

�
 for the dependent claims model and CAL

�
 

for the climate risk-induced dependence between assets and liabilities, transforming 
copula parameter � to Kendall’s tau �� with �� = �∕(� + 2) . Figure 3 first shows the 
impact of the strength of dependence between brown assets and total claims amount 
for the too little, too late + tail scenario with physical and transition climate risks 
regarding assets and liabilities and tail dependence between brown assets and total 
claims. As before and as expected, the default probability is monotonically increas-
ing for an increasing strength of dependence between brown assets and liabilities, 
but decreasing in slope and thus concave. This effect of increasing default probabili-
ties cannot be effectively eliminated by mitigating instruments, which only help to 
lower the level of the default probability.

Figure  4 next focuses on the hot house world scenario with only physi-
cal climate risks for the liability side. As can be seen, an increasing strength of 

Fig. 3  Sensitivity of default probability to strength of dependence between return of brown investments 
and total claims amount in the too little, too late + tail scenario (physical and transition climate risks)
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dependence between frequency and severity of claims implies a considerable 
increase in the default probability, which, however, can almost be eliminated 
by a combination of stop-loss reinsurance and risk-adjusted pricing (hot house 
world + adj + SL scenario), which is in contrast to Fig. 3.

Additionally, the left graph in Fig. 5 shows that the sensitivity to Kendall’s tau 
between claim frequency and severity is stronger in scenarios with transition risks 
(too little, too late) as compared to the hot house world scenario that only takes 
into account physical climate risks. The difference in the impact between pre-
mium adjustment and reinsurance becomes even more apparent in the too little, 
too late + tail scenario considered in the right graph of Fig. 5 (right). Although 
both instruments result in similar default probabilities for �� = 0.4, the default 
probability curves considerably diverge for smaller �� , implying a stronger miti-
gating effect of adjusted pricing in the present setting. In the sensitivity curves 
presented in Figs. 4 and 5, risk adjusted-pricing tends to reduce the slope of the 
curve and stop-loss reinsurance rather reduces the intercept.

Finally, we consider the sensitivity of default probability to the fraction of 
brown investments in the asset portfolio and the strength of dependence between 
the return rate of brown and other assets. Figure 6 shows that the sensitivity to the 
share of brown assets appears to be linear and positive. Furthermore, the mitigat-
ing effects result in a parallel shift of the sensitivity curves, but without a reduc-
tion in the slope, even with the addition of both stop-loss reinsurance and risk-
adjusted pricing (right graph in Fig. 6), as the shock in this scenario stems from 
the asset side.

Figure 7 clearly shows that the probability of default in the too little, too late + tail 
scenario reacts very sensitively to the correlation between brown assets and other 
assets. This can be attributed to the fact that the dependence between claims and 
brown assets extends to a dependence between the overall portfolio as the correla-
tion increases.

Fig. 4  Sensitivity of default probability to the strength of dependence between claim frequency and 
severity depending on mitigating effects in the hot house world scenario (only physical climate risks)
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4  Summary

In this article, we examine the impact of climate risks on the asset and liability side 
of a non-life insurer using scenario analysis in an asset-liability management con-
text, with a special focus on potential accumulation effects on the balance sheet 
and measured based on the default probability and expected surplus. We take into 

Fig. 5  Sensitivity of default probability to strength of dependence between claim frequency and sever-
ity in all scenarios with physical climate risk (left) and mitigating effects in the too litle, too late + tail 
scenario (right)

Fig. 6  Sensitivity of default probability to the proportion of brown investments qBI in all scenarios with 
climate transition risk (left) and mitigating effects in the too little, too late + tail scenario (right)
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account climate transition and physical risks using tail dependencies based on copu-
las. To model physical risks, which impact liabilities primarily through more fre-
quent and more severe natural catastrophe events, we assume an upper tail depend-
ence between claim severity and frequency distributions to address the heavier 
tail of the claims distribution. In the next step, we model the impact of transition 
risks that negatively affect asset returns in the context of a disorderly transition 
to a carbon–neutral economy, where investments in carbon-intensive equity and 
bonds (brown investments) would be affected more severely, but all other assets are 
affected as well. Last, beyond the pure accumulation of both transition and physical 
risk effects, we consider the effect of nonlinear dependencies between the brown 
asset return rate and the annual claims amount. This is based on a disaster scenario, 
where a sharp increase in physical risks (e.g., strongly accumulating natural disas-
ters) causes an abrupt transition of the economy and thus leads to increased transi-
tion risks also on the asset side. Finally, we study the effect of a stop-loss reinsur-
ance contract and risk-adjusted pricing by the primary insurer by raising premiums 
(in the scenarios with physical risk) as potential risk transfer instruments in order to 
gain first insight into potential mitigating effects of climate risks.

Our scenario analyses show that especially transition risks on the asset side are of 
high relevance for non-life insurers, as not only brown assets, but also other assets 
are affected by market value losses due to increases of commodity and energy prices 
and interest rates, for instance. Considering only physical risks through higher total 
claims also results in a considerable increase in default risk, but these appear to be 
manageable through a risk-adjusted pricing as well as reinsurance contracts (if the 
latter are available). One key result is that an occurrence of both physical and transi-
tion climate risks in the too little, too late scenario (with or without tail dependence 
between assets and liabilities) can result in a significant increase in the default prob-
ability through severe accumulation effects. A sensitivity analysis further showed 
that the default probability is strongly impacted by the strength of the dependence 

Fig. 7  Sensitivity of default probability to the correlation between return of brown investments rBI and 
other investments rOther in all scenarios with climate transition risk
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between assets and liabilities as well as by the proportion of brown investments and 
their correlation to remaining assets. This sensitivity of default probabilities can be 
reduced significantly by means of reinsurance (if available and affordable) and risk-
adjusted pricing at least with respect to physical risks, but the proportion of brown 
assets in the portfolio remains a relevant risk driver. Overall, climate risks can thus 
have a severe accumulation effect on a non-life insurer’s balance sheet, potentially 
resulting in a considerably higher default probabilities, which should be mitigated by 
taking appropriate actions (e.g., reinsurance, shifting assets, risk-adjusted pricing).

As the present study intends to shed first insight on the accumulation effects of 
climate risks for non-life insurers for a one-year period, future work should take into 
account a multi-year perspective, study different types of (optimal) reinsurance strat-
egies as well as pricing approaches and address the level of detail of the company-
specific asset and liability structure.
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