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h\prime ,j\prime (t)

\bigr) 
=

\Biggl\{ \bigl( 
X\mathrm{B}(t), X\mathrm{H}(t), X\mathrm{C}(t)

\bigr) 
\mathrm{i}\mathrm{f} h\prime = h(t) \mathrm{a}\mathrm{n}\mathrm{d} j\prime = j(t)

(0, 0, 0) \mathrm{o}\mathrm{t}\mathrm{h}\mathrm{e}\mathrm{r}\mathrm{w}\mathrm{i}\mathrm{s}\mathrm{e},
     

 

 
   

 
 

 



          

                                                \bfitX (t)                                            
                                                                                                  
             

                                                                                           
                                                                                                 
                                                                                                
                                                                                                    
                                                                                                         
                                                                                             
                                                                                                    
                                                                                                    
                                                                                            
                                                                                        

                                                                                              
                                                                                                      
                                                                                                    
                                                                                                 
                                                                                                   
                                                                                                    
                                                                                              
                                                                                                    
                                                                                                        
                                                                                                  
                         

                  

                                                                                            
                                                                                                 
                    \sigma 2(t)                                                                         
                                                                                               
                                                                                              
                                                                                                  
                                                                                            
                                                                                                   
                                                                                                     
                                                                                                      
                                                                                                   
                                        T\mathrm{H}     T\mathrm{C}                                               
                                                                                                 
                                                                                                       
      \sigma (t) 

                                                                     \bfitomega                       
                     M                                                 \bfu         N                N

                                                                         \^\bfitX          N \times M             
                         

p(\bfu | \bfitomega , \beta ) \sim \scrN (\bfu | \^\bfitX \bfitomega , \beta  - 1)       

                                        \^\bfitX \bfitomega              \beta  - 1  \beta                                     
             \^\bfitX                                                    p(\bfu | \bfitomega , \beta ) = p(\bfu | \^\bfitX ,\bfitomega , \beta )                 
                                                                                                     
                                                                                                     
                                                                                                 



                                                                   

                             

p(\bfitomega | \bfitalpha ) =

M - 1\prod 

i=0

\scrN (\omega i| 0, \alpha  - 1
i )       

      \bfitalpha                     M                                   
           \beta     \bfitalpha                                                                         

                                                                                                    
                                                                                                 
                   

p(\bfitalpha ) =

M - 1\prod 

i=0

\mathrm{G}\mathrm{a}\mathrm{m}\mathrm{m}\mathrm{a}(\alpha i| a, b)       

p(\beta ) = \mathrm{G}\mathrm{a}\mathrm{m}\mathrm{m}\mathrm{a}(\beta | c, d)        

      \mathrm{G}\mathrm{a}\mathrm{m}\mathrm{m}\mathrm{a}(\cdot )                                                          a, c     b, d              
                                                                                                  
                                                                                                
                                                    

                                                                              p(\bfitomega ,\bfitalpha , \beta | \bfu ) 
                                                                                        \bfitX (t)    
                                

p(L(t)| \bfu ) =
\int 

p(L(t)| \bfitomega , \beta )p(\bfitomega ,\bfitalpha , \beta | \bfu )\mathrm{d}\bfitomega \mathrm{d}\beta \mathrm{d}\bfitalpha         

                                                                                                    
                                                                        

p(\bfitomega ,\bfitalpha , \beta | \bfu ) = p(\bfitomega | \bfitalpha , \beta ,\bfu )p(\bfitalpha , \beta | \bfu )        

                                                                    p(\bfitomega | \bfitalpha , \beta ,\bfu ) \sim \scrN (\bfitomega | \bfitm N ,\bfitS N ) 
               

\bfitm N = \beta \bfitS N
\^\bfitX T\bfu ,       

\bfitS N = (\bfitA + \beta \^\bfitX T \^\bfitX ) - 1        

      \bfitA = \mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g}(\alpha 0, . . . , \alpha M - 1)                                                                
                                           p(\bfitalpha , \beta | \bfu )                                          
                                                                                                 
          

\mathrm{m}\mathrm{a}\mathrm{x}
\bfitalpha ,\beta 

\bigl\{ 
p(\bfitalpha , \beta | \bfu ) \propto p(\bfu | \bfitalpha , \beta )p(\bfitalpha )p(\beta )

\bigr\} 
        

                                                                                                
                                      ( \^\bfitalpha , \^\beta )                                                       
                                                      

\alpha \mathrm{n}\mathrm{e}\mathrm{w}
i =

\gamma i + 2a

mN,i + 2b
        

(\beta \mathrm{n}\mathrm{e}\mathrm{w}) - 1 =
\| \bfu  - \^\bfitX \bfitm N\| 22 + 2d

N  - \sum i \gamma i + 2c
        

      \gamma i                          
\gamma i = 1 - \alpha iSN,ii        

 

 
   

 
 

 



          

          SN,ii                                                                                   
     \bfitgamma                                                                                                
                                                                                                \alpha \infty 
                                \alpha \infty                           

                                            

p(L(t)| \bfu ) \simeq p(L(t)| \bfu , \^\bfitalpha , \^\beta ) =

\int 
p(L(t)| \bfitomega , \^\beta )p(\bfitomega | \^\bfitalpha , \^\beta ,\bfu )\mathrm{d}\bfitomega         

                      p(L(t)| \bfu ) \sim \scrN (L(t)| \bfitX (t)\bfitm N , \sigma 2(t))       

\sigma 2(t) = \^\beta  - 1 +\bfitX (t)T\bfitS N\bfitX (t),       

      \sigma (t)                                                       \eta (t) 
                                                                                             

                                                                                                  
                                                                                                 
                                           \sigma                                                             
                                                                                                     
\bfitgamma                         \bfitgamma \in [0, 1]               \omega i                         mN,i                    
     \gamma i \rightarrow 1                                                                                    
                                                                                                     
                                                                               i  \^\alpha i

 - 1                   
           SN,ii                                                                                     
                                                                                                  
                           \^\alpha i

 - 1     SN,ii                                                            
                                                                                              SN,ii    
                                                                          \bfitalpha                              
                                                                           SN,ii \rightarrow 0      \^\alpha i \rightarrow +\infty  
             \omega i \rightarrow 0                                                                               
                                                                                                  
                                                             \bfitgamma                                     
                                                                                                     
                                                                                                      
                                                                                                   
                                        

                                                                                                
                                                                                                    
                                                                                                     
                                                                                                 
        \^\beta  - 1                                                                                            
                                                                                                
                                   N \rightarrow +\infty                                                      
                                                                                                   
                                                N                                                   
                                                                                                       
                                                                \^\beta  - 1                                
                                                                                               
                                                                                                      
                                                                                                    
                                                                                                 
                                                                                                   
                                                                                                    



                                                                   

                                                                                                        
                                

                         

                                                                                          \bfitalpha     \beta 

                                                                                                   
                                                                              T\mathrm{H}     T\mathrm{C}         
                                                                                                       
                                                                                                  
                                                                                                   
                                   r2                                                            
                                                                                             
                                                                                            
                                                                                                
                                                                                                
                                                                                             
                                                                                                      
                                                                                                    
                                                                                                  
                                                                                                  
                                                               

                         

                                                                                               
                                                                           \^\bfitX                        
                                                                                            
                                                                                                 
                                                                                        \^\bfitX         
                                                       \bfu                                          
                                                                                               
                                                                                          

                             

                                                                              
                                                

                                                

                                                          

                                                               

                                                                         
                          0.5 \circ 

\mathrm{l}\mathrm{a}\mathrm{t}  0.625 \circ 
\mathrm{l}\mathrm{o}\mathrm{n}             

                       31 \mathrm{k}\mathrm{m}  0.281 25\circ              
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                             a  b  c     d                                                     \alpha \infty    
                                                          T\mathrm{H}     T\mathrm{C}                                   
                                                                                                   
                                                                                                  
                                                            r2                                     
                                                                                                    
                                       T\mathrm{H}     T\mathrm{C}                          (T\mathrm{H}, T\mathrm{C}) = (15 \circ \mathrm{C}, 18 \circ \mathrm{C}) 
                    r2 = 0.887                                                                 
                   T\mathrm{C}                           T\mathrm{H}                                          T\mathrm{C}

                        20 \circ \mathrm{C}                                                                      
 \omega \mathrm{C}                       18 \circ \mathrm{C}         T\mathrm{C}                                                      
                    T\mathrm{C} = 20 \circ \mathrm{C}                                                                      
                         (T\mathrm{H}, T\mathrm{C}) = (15 \circ \mathrm{C}, 20 \circ \mathrm{C})            r2 = 0.887                           
                                                                                                    
                                                                                                   
                      T\mathrm{C}                                                                           
    \omega \mathrm{C}                                                                                            
   20 \circ \mathrm{C}                                                                                         
                                                                                                
                                                                                                  
                                                                 T\mathrm{H}     T\mathrm{C}                    
                                                                                                  
                                                                                                 
                          

                                          

                               T\mathrm{H}  J13, 17K\circ \mathrm{C} 15 \circ \mathrm{C} 15 \circ \mathrm{C}
                               T\mathrm{C}  J18, 22K\circ \mathrm{C} 18 \circ \mathrm{C} 20 \circ \mathrm{C}
                         a, b, c, d      10 - 6

                   \alpha \infty       106

                                                                                                    
                                           a, b, c, d                        \alpha \infty                     

                 

                                                                       \omega 0                              
             \omega \mathrm{B}                                                                   \omega \mathrm{H}                
                                                     \omega \mathrm{C}                              \bfitgamma               
           

                                                                                           
                                                                                              
                                                                                                   
                                                                                                   
                                                               2\mathrm{G}\mathrm{W}     4\mathrm{G}\mathrm{W}                      
                                                               \omega 0                              \omega \mathrm{B} 
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(G\mathrm{D}\mathrm{i}(t, \omega ))t\in \BbbT 0

 

\mathrm{S}\mathrm{T}\mathrm{C}(\bfitx , (G\mathrm{D}\mathrm{i}(t, \omega ))t\in \BbbT 0
) := \mathrm{C}\bfitx +

T0 - 1\sum 

t=0

\mathrm{V}\mathrm{C}\mathrm{D}\mathrm{i}(G\mathrm{D}\mathrm{i}(t, \omega )),       
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\bfitx 

\BbbE 
\bigl( 
\mathrm{S}\mathrm{T}\mathrm{C}(\bfitx )

\bigr) 
      

     xi \leq x\mathrm{m}\mathrm{a}\mathrm{x}
i     i \in \{ 0, . . . ,m - 1\} ,

xi \geq 0     i \in \{ 0, . . . ,m - 1\} ,

     \mathrm{S}\mathrm{T}\mathrm{C}(\bfitx , \omega )                         

   
(G\mathrm{D}\mathrm{i}(t,\omega ))t\in \BbbT 0

\mathrm{S}\mathrm{T}\mathrm{C}(\bfitx , (G\mathrm{D}\mathrm{i}(t, \omega ))t\in \BbbT 0)       

     G\mathrm{D}\mathrm{i}(t, \omega ) +Q\bfitx (t, \omega ) \geq L(t, \omega ),

G\mathrm{D}\mathrm{i}(t, \omega ) \leq x\mathrm{D}\mathrm{i},

G\mathrm{D}\mathrm{i}(t, \omega ) \geq 0.
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 -      x\mathrm{D}\mathrm{i} > RL(t, \omega ) > 0 :
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G\mathrm{D}\mathrm{i}(t, \omega ) = RL(t, \omega ),

\lambda (t, \omega ) = c\mathrm{D}\mathrm{i}(RL(t, \omega )),
      

 -      RL(t, \omega ) < 0 :
\Biggl\{ 
G\mathrm{D}\mathrm{i}(t, \omega ) = 0,

\lambda (t, \omega ) = 0,
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\mathrm{P}i = T0\BbbE 

\Biggl( 
1

T0

T0 - 1\sum 

t=0

\lambda (t)Hi(t)

\Biggr) 
 - T0\mathrm{h}\mathrm{R}\mathrm{C}i,       

      \BbbE (1/T0

\sum T0 - 1
t=0 \lambda (t)Hi(t))                                                        i              

                     \langle \lambda Hi\rangle                                   Hi(t)                                     
                   \mathrm{M}\mathrm{W}\mathrm{h} - 1  

\mathrm{P}i = \langle \lambda \rangle \nu i  - \mathrm{L}\mathrm{C}\mathrm{o}\mathrm{E}i,       

      \nu i     \mathrm{L}\mathrm{C}\mathrm{o}\mathrm{E}i                                                   \mathrm{M}\mathrm{W}\mathrm{h} - 1                  i 
                  

\nu i =
\langle \lambda Hi\rangle 
\langle \lambda \rangle \langle Hi\rangle 

,       

   

\mathrm{L}\mathrm{C}\mathrm{o}\mathrm{E}i =
\mathrm{h}\mathrm{R}\mathrm{C}i

\langle Hi\rangle 
.       
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\BbbE (\mathrm{S}\mathrm{T}\mathrm{V}\bfitx ) = \BbbE 
\bigl( 
\mathrm{S}\mathrm{T}\mathrm{C}(0)

\bigr) 
 - \BbbE 

\bigl( 
\mathrm{S}\mathrm{T}\mathrm{C}(\bfitx )

\bigr) 
      

= T0(\langle \mathrm{V}\mathrm{C}\mathrm{D}\mathrm{i}(L)\rangle  - \langle \mathrm{V}\mathrm{C}\mathrm{D}\mathrm{i}(G\mathrm{D}\mathrm{i})\rangle ) - \mathrm{C}\bfitx .       

                                                         

\BbbE (\mathrm{S}\mathrm{M}\mathrm{V}\bfitx ) = \langle \lambda (0)\rangle  - \langle \lambda (\bfitx )\rangle .       
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Abstract11

Electricity systems are expected to undergo profound transformations both in12

the supply and demand side in the coming decades. We focus in this study on the13

problem of solar and wind mix dimensioning facing socioeconomic and climate14

change. We use an integrated electricity system model to assess what is the15

resilience of a high wind and solar penetration mix to increasing electrification16

and climate change intensity, and compare its performance to cost-optimal mixes17

to compute the adaptation potential. We find that accounting for the compound18

impact of socioeconomic and climate change is necessary to get good qualitative19

and quantitative measures of the adaptation potential and other adaptation-20

related metrics. We thus recommend the continued incorporation of plausible21

socioeconomic scenarios in future climate change studies to improve the accuracy22

of policymaking recommendations.23

Keywords: Energy system modelling, Climate change, Electrification, Policymaking24
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Introduction25

Climate change is a threat to human and non-human collectives around the globe,26

threatening the worlds political and ecological equilibrium [1, 2]. A key lever of mit-27

igation policies for the Paris Agreement parties is the reduction of greenhouse gas28

emissions from energy systems as a whole and electricity systems in particular [3].29

Because they also represent a strategic [4, 5] and industrial [3, 6] opportunity, low30

carbon solar and wind energy sources are expected to surge globally in the coming31

decades (see e.g. [6]). In all advanced economies with centralized interconnected elec-32

tricity systems, the transition from fully dispatchable to high wind and solar electricity33

systems will pose adaptation challenges [7].34

From the policymakers point of view, designing public policies to implement a35

suitable solar and wind mix to fulfill Paris agreement’s targets at the same time as36

ensuring an affordable and secure electricity provision is a complex problem involving37

entangled social [8, 9], political [10–12] and economical [7, 13] considerations, along the38

precited ecological ones. At the same time, committed and potential climate change39

[14] will impact electricity systems both on the demand and supply side [15, 16],40

affecting the capacity of planned or resulting mixes to supply electricity reliably [17]41

and at the lowest cost. This capacity to perform well will also be affected by socioe-42

conomic changes, mainly via impacts on the demand: wether it is through changes43

in population [18–20], air conditioning or electric heating adoption [21–24], industry44

electrification [25–27] and electric vehicles adoption [28–30], or efficiency [31–33] and45

sufficiency [34–36] measures.46

How these climatic and socioeconomic changes will combine and impact the elec-47

tricity system is uncertain. Planning or designing public policies to incentivize for48

the right wind and solar mix is thus submitted to this uncertainty. The resilience of49

future mixes and the underlying planning question is a widely addressed problematic50

(see e.g. [37] for an overview). Studies in the literature can be broadly divided into51

four categories: those that tackle the question at constant climatic and socioeconomic52

conditions [38–40], those that take into account at the same time socioeconomic and53

climate change [41–45], and those that fall in-between the two by working with a con-54

stant parameter and another variable one see e.g. [46–52] for the most recent ones.55

Among those studies not all optimize decision making to changing climate and socioe-56

conomic conditions, and instead rely on prescribed mixes [47, 48, 50]. Those studies57

that do consider optimal investment often fail to consider the combined impact of58

socioeconomic and climate change [51], or suffer from limitations in addressing high59

wind and solar mixes feasibility [41–44]. A recent study [45] tackled these points by60

proposing a novel methodology more adapted to high wind and solar energy pene-61

tration, and insisted on the importance to take socioeconomic scenarios into account62

in climate change studies to inform mix planning. We go a step further by assess-63

ing whether or not these two processes can be studied separately and their effects64

additioned, and, in the opposite case, to what extent crucial policymaking support65

indicators can be over or underestimated. This is assessed by comparing the adapta-66

tion potential, hereby denoted as the cost of unpreparedness, under various scenarios67

of socioeconomic and climate change.68
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We use to this end the bottom-up stochastic capacity expansion model e4clim69

in its latest version [53, 54]. In comparison to e.g. [43, 45] our approach is limited70

in its optimal mix planning capabilities as our methodology is voluntarily minimal-71

istic (this is discussed further in the Methods section). We do however fully account72

for the impacts of a changing climate by considering the hourly correlation of wind73

and solar generation and demand over the whole year, and for long time periods to74

include the influence of interannual variability [46, 55, 56]. Our methodology is thus75

an interdisciplinary compromise between the usual approaches of the weather and cli-76

mate community that often limit their energy systems study to the impacts on the77

demand net of wind and solar generation [50, 57], and that of the energy system mod-78

eling community that often restrict their analysis to subsampled or yearly averages79

of demand and generation [41–44], hampering their planning skills [58]. This method-80

ological framework is situated in the lineage of those models contributing to bridging81

the gap between climate and energy system modeling [56, 59, 60].82

The uncertainty related to climate and socioeconomic change is accounted for83

using a storylines approach [61], i.e. by deriving a set of plausible future scenarios.84

Different levels of climate change are accounted for through an ensemble of six climate85

model pairs from the latest EURO-CORDEX (CMIP5) initiative [62] to ensure suffi-86

cient space and time granularity, whereas three socioeconomic scenarios are designed87

according to grey literature [63–65] to encompass a broad range of possible electri-88

fication futures. The present methodology is applied to the example of France, an89

advanced economy with a highly heating temperature sensitive electricity demand, a90

moderate cooling temperature sensitive electricity demand, and an important wind91

and solar resource. We expect our results to be generalizable even if the magnitude92

of the impacts are necessarily region and context specific.93

Our results show that taking into account the compound effect of socioeconomic94

and climate change is key to correctly evaluate the performance of given solar and95

wind mixes under future potential outcomes, and to obtain a good qualitative and96

quantitative description of policy relevant metrics such as the adaptation potential.97

We thus recommend the continued implementation of plausible future socioeconomic98

scenarios in future climate change studies aiming to provide relevant policy advice.99

Approach100

We start from a reference mix (REF), which is cost-optimal under the reference101

scenario (REF)1. This could correspond to a state where because of economic com-102

petitivity and some decarbonization efforts, a large share of wind and solar energy is103

already present. In our case, (156±2)GW of wind and solar capacity are installed and104

penetration reaches (53± 1)% of total generation. This is shown in Figures 1 and 2a105

for outputs of model CNRM-CM5 + ALADIN63 and Supplementary Information106

Figures 2 and 7 for the results of other models. Facing future socioeconomic and cli-107

mate changes, and assuming perfect foresight, a policymaker can make two extreme108

choices: either to adapt to the foreseen future conditions or not to adapt to them.109

1In the text body, mixes are denoted in italics whereas scenarios are written in upright capital letters.

3

                                                       



Fig. 1: Optimal wind and solar mixes and necessary dispatchable capacity aggregated
at the national level and for model pair CNRM-CM5 + ALADIN63. Bars are hatched
when maximal installable capacities are reached. PV stands for solar photovoltaic.

Non-adaptation costs110

Not adapting to future changes is equivalent to ensuring the adequacy constraint with111

mix REF under future climate and socioeconomic conditions defined by a given sce-112

nario. In our setting, and since we assume an infinite amount of dispatchable producers113

to be available at no costs (see the Methods section), solving for the economically114

optimal dispatch while ensuring the hourly adequacy constraint is equivalent to satis-115

fying all the residual demand, this is, the demand net of wind and solar generation, via116

the dispatchable producers. This entails generation costs, also referred to as variable117

costs, on the dispatchable producers side. These generation costs evolve quadratically118

with the amount of generated energy. As such, as the amount of energy generated by119

dispatchable producers changes with the corresponding scenario, the variable costs120

and the associated system total cost change as well. This change in generation pat-121

terns with changing scenario is evidenced by comparing Figure 2a and 2c for the total122

generation and Figure 2b for how this generation is distributed between peak and123

base demand. Note that no changes in the fixed costs of the solar and wind producers124

occur since the mix remains fixed. These extra variable costs, that can be positive or125

negative, are referred to as the non-adaptation costs associated to scenario S (NACS).126

They correspond to the difference in expected yearly system total costs between the127

case with mix REF under scenario S and the reference case, i.e. the case with mix128

REF under the reference scenario (REF).129

The non-adaptation costs are represented by the height of the left bars in Figure 3130

for model CNRM-CM5 + ALADIN63 and in Figures 8 to 12 of the Supplemen-131

tary Information for the other models of the ensemble. Their values are comprised132

between 1.6 bnAC to 2.8 bnAC (scenario SUF4.04) and 40.3 bnAC to 48 bnAC (scenario133

TOT1.75), ranging from 6.25% to 10.9% (scenario SUF4.04), to 157% to 186% (sce-134

nario TOT1.75) of the system total cost in the reference case. They are thus always135

positive for the compound scenarios considered. We also show that they decrease with136

increasing levels of climate change and increase with increasing levels of electrification137
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(a) REF scenario, REF mix. (b) rLDC.

(c) MOD2.35 scenario, REF mix. (d) MOD2.35 scenario, MOD2.35 mix.

Fig. 2: Panels (a), (c), (d): Total generation over the 30 year period for (a) the
reference conditions (REF scenario, REF mix) and two cases showing either (c) non-
adaptation (MOD2.35 scenario, REF mix), and (d) perfect adaptation (MOD2.35
scenario, MOD2.35 mix) strategies. All results for model CNRM-CM5 + ALADIN63.
The number within the pie chart corresponds to the average yearly generation. All
other numbers are percentages. Panel (b): Load duration curve of the residual demand
under in the reference case, in the cases with non adaptation and perfect adaptation
to scenario MOD2.35. rLDC: residual load duration curve.

(from SUF to MOD to TOT family). These conclusions are robust to the choice of cli-138

mate model but for model MOHC-HADGEM2 + COSMO between scenarios SUF1.75139

and SUF2.35, which we deem not to be a significative deviation from the conclusions.140

Perfect adaptation costs141

The perfect adaptation strategy (i.e. adapt with perfect foresight) corresponds to142

changing the mix from its reference state to a new generation mix that is cost-optimal143

under the foreseen future conditions. In our setting, we assume greenfield optimization144

and thus do not account for stranded assets: wind and solar capacity can be removed145
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(a) SUF family.

Fig. 3: Cont.

at no cost and is installed at a given fixed cost (see Methods section). Changes in146

system total cost are thus related to changes in installed wind and solar capacity and147

associated fixed costs, and changes in dispatchable generation and associated variable148

costs.149

We show the computed optimal mixes for each scenario in Figure 1 for model150

pair CNRM-CM5 + ALADIN63. Other models are shown in Supplementary Infor-151

mation, Figure 2. A detail of wind and solar mixes at the regional level are given152

in Figures 3 to 6 in Supplementary Information. How changing socioeconomic and153

climate conditions impact the optimal wind and solar mix is not the focus of this154

study and will be the topic of future works. We can nonetheless highlight that wind155

capacity tends to decrease with increasing climate change while wind and solar capac-156

ity increase with increasing electrification. This behavior is consistent across models.157

Changes in optimal installed capacity due to climate change are in general smaller158

than those caused by a change in electrification level for the scenarios considered here.159

As with non adaptation, perfect adaptation can lead to a change in generation.160

An example of changing generation with perfect adaptation is shown in Figure 2, for161

model pair CNRM-CM5 + ALADIN63. Comparing panels (a) (reference case) and162

(d), we show that the share of wind and solar generation increases together with163

curtailment, while albeit decreasing in relative terms, the total dispatchable generation164

increases. These changes in total dispatchable generation are the result of a change165

in the residual demand distribution as shown in Figure 2, panel (c). These changes166
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(b) MOD family.

Fig. 3: Cont.

in dispatchable generation can lead to changes in variable costs and together with167

changes in fixed costs associated to investment in wind and solar capacity, to a change168

in the system total cost.169

The extra costs, positive or negative, related to perfect adaptation to a changing170

future S are referred to as the perfect adaptation costs (PACS). They correspond to171

the difference in expected yearly system total cost between the case with the optimal172

mix associated to scenario S under scenario S and the reference case. For example the173

perfect adaptation costs associated to scenario MOD2.35, PACMOD2.35, correspond174

to the system total cost associated to the optimal dispatch of mix MOD2.35 under175

scenario MOD2.35 minus the system total cost associated to the reference case. These176

perfect adaptation costs are represented by the blue bars in Figure 3 for model CNRM-177

CM5 + ALADIN63 and Figure 8 to 12 in Supplementary Information for the other178

models of the ensemble. They are comprised between 1.6 bnAC to 2.7 bnAC (scenario179

SUF4.04) and 29.8 bnAC to 34.9 bnAC (scenario TOT1.75), ranging from 6.25% to180

10.5% (scenario SUF4.04), to 116% to 135% (scenario TOT1.75) of the system total181

cost in the reference case. We expect the PAC to be smaller than the NAC, since the182

former correspond to the case with a cost-optimal mix, thus minimizing the system183

total cost. This is indeed what we observe: the PAC are systematically lower than their184

NAC counterparts. We show that under our hypothesis, similarly to the NAC, the PAC185

are always positive for the scenarios considered in this study: all scenarios induce extra186

costs, even with perfect adaptation. We further show, that the perfect adaptation costs187
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(c) TOT family.

Fig. 3: Adaptation metrics under the compound or additive impact of socioeconomic
and climate change. Non-adaptation costs (NAC) are shown as full (compound effect)
or dashed (additive effect) empty bars, perfect adaptation costs (PAC) are shown in
blue (compound effect) or green (additive effect) bars, while the cost of unprepadness
(CoU) is shown in orange (compound effect) or in red (additive effect). All results for
model pair CNRM-CM5 + ALADIN63.

decrease with increasing climate change and increase with increasing electrification.188

These results are robust across models, but for model MOHC-HADGEM2 + COSMO189

between scenarios SUF1.75 and SUF2.35, an exception that we do not consider to be190

significative.191

Adaptation potential: the cost of unpreparedness192

If the non-adaptation costs (NAC) give the extra costs resulting from not adapting193

to a foreseen future change and the perfect adaptation costs (PAC) the extra costs194

incurred even when perfectly adapting to these future changes, then the difference195

between the two yields the adaptation potential. We refer to the adaptation potential196

as the cost of unpreparedness (CoU), since it represents the costs related to not being197

prepared to future changes. The cost of unpreparedness for scenario S is computed as198

the difference between the non-adaptation costs and the perfect adaptation costs as199

CoUS = NACS − PACS . (1)
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Note that because in our case the mixes are optimal with respect to the system total200

cost, the NAC are always larger than the PAC, and as such the cost of unprepared-201

ness has the property to be positive: it is always more interesting to adapt to future202

conditions than to remain passive.203

The cost of unpreparedness is represented by the orange bars in Figure 3 for model204

CNRM-CM5 + ALADIN63 and Figure 8 to 12 in Supplementary Information for the205

other models of the ensemble. It is comprised between 0.1 bnAC to 0.2 bnAC (scenario206

SUF4.04) and 10.2 bnAC to 13.1 bnAC (scenario TOT1.75). It ranges from 0.4% to 0.8%207

(scenario SUF4.04), to 40% to 51% (scenario TOT1.75) of the reference case system208

total cost. We show that the cost of unpreparedness decreases with increasing climate209

change, while it increases with increasing electrification. Both these results are robust210

across models. We further show that the share of the non-adaptation costs that can be211

recovered through adaptation decreases with increasing climate change and increases212

with the level of electrification. This relative adaptation potential corresponds to the213

cost of unpreparedness (CoU) relative to the non-adaptation costs (NAC). It ranges214

from 3% to 5% (scenario SUF4.04), to 25% to 27% (scenario TOT1.75). The observed215

trends are also robust across models.216

Compound vs. additive impacts217

We analyzed so far the compound impact of changing climate and socioeconomic218

conditions on adaptation metrics related to two extreme strategies a planner can adopt219

uner perfect foresight. This analysis however required nm + 1 optimal investment220

computations and 2nm + 1 solvings of the optimal dispatch problem, with n the221

number of socioeconomic scenarios and m the number of climate change scenarios.222

We now ask whether we could have alleviated this computational burden by studying223

both impacts separately and then adding them back to infer their compound effect.224

This would significantly reduce the computation costs to respectively n+m+1 optimal225

investment computations and 2(n+m) + 1 optimal dispatch problems.226

For the analysis of this study we perform both approaches and thus compute the227

aforementioned adaptation indicators for scenarios of socioeconomic changes alone228

(SUF, MOD, TOT), scenarios of climate change alone (REF1.75, REF2.35, REF2.80,229

REF3.28, REF4.04), and all compound scenarios. The results of these computations230

are shown in Supplementary Information, Figures 13, 14 and 15. We then compute231

the additive impacts of socioeconomic and climate change by adding the two separate232

effects, i.e. for a quantity X and a scenario S = SES × CCS computed from a socioe-233

conomic scenario SES and a climate change scenario CCS, we compute the additive234

quantity X∗ as235

X∗
SES×CCS = XSES +XCCS. (2)

We show that for all adaptation indicators (NAC, PAC, CoU and relative adap-236

tation potential), the additive quantity wrongly captures the compound impact of237

socioeconomic and climate change. Across all compound scenarios, adding the sep-238

arate effect of socioeconomic and climate change leads to the overestimation of the239

non-adaptation costs (NAC), the cost of unpreparedness (CoU), and the relative240

9

                                                       



adaptation potential. This effect is more pronounced with increasing levels of cli-241

mate change: no matter the socioeconomic scenario considered, the estimation error242

is higher both in relative and absolute terms with increasing levels of climate change.243

This result is consistent across models. The magnitude of this overestimation however244

depends on the level of electrification: if for the NAC the overestimation increases with245

increasing electrification, the opposite holds true for the CoU and relative adaptation246

potential indicators. All these observations are robust across models. The comparison247

of the additive method to the compound estimation for the perfect adaptation poten-248

tial (PAC) is more complex: the same observations as for the NAC hold true for the249

MOD and TOT family of scenarios, but the additive method tends to underestimate250

the NAC in the SUF family of scenarios. This result is less robust across models since251

the trend is not observed for one of them (MPI-ESM + COSMO).252

If relying on the addition of socioeconomic and climate change effects can miss253

the adequate quantification of adaptation indicators, it can also miss the trend of254

these indicators with the intensity of the studied phenomena. The evolution of the255

non-adaptation and perfect adaptation costs (NAC and PAC) with increasing climate256

change is correctly given by the additive approach. This is however not the case for the257

(relative) adaptation potential, where the additive method would suggest an increase258

of both absolute (CoU) and relative adaptation potential with increasing climate259

change, whereas the compound estimation shows that both these quantities tend to260

decrease with increasing climate change. The trend of all indicators with increasing261

electrification is however well described by the additive method.262

Discussion and conclusions263

We showed that socioeconomic and climate change induced extra costs in the electric-264

ity generation sector. For the compound climate change and electrification scenarios265

considered, these extra costs were always positive. The analysis of two extreme266

adaptation strategies allowed us to compute the adaptation potential, or cost of unpre-267

paredness, of the electricity generation sector facing plausible future changes. We show268

that although the qualitative behavior of some of the adaptation indicators we com-269

pute is conserved and well reproduced when studying the effects of climate change270

and electrification separately, the compound effect of both these factors needs to be271

taken into account to obtain quantitatively accurate results.272

Our results suggest that in this simplified idealized setting, the system’s behavior273

is strongly affected by the level of demand, and to a minor extent by the correlation274

of demand with wind and solar generation. Because in our scenarios electrification275

translates into more extreme demand changes than climate change, a result shared276

by e.g. [24], the non-adaptation and perfect adaptation costs are always positive:277

the increase in demand due to electrification is not compensated by a decrease in278

demand due to climate change. The coupling between climate change and demand is279

suggested to be the cause of the discrepancy betgween the additive and compound280

impact methods. This is evidenced by the fact that most indicators are overestimated281

with the additive method that misses the increased reduction in heating temperature282

sensitive demand due to climate change.283
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Table 1: EURO-CORDEX GCM/RCM model pairs consid-
ered in the study.

ID Driving GCM Variant RCM

0 ICHEC-EC-EARTH r1i1p1 COSMO-crCLIM
1 MOHC-HadGEM2-ES r1i1p1 COSMO-crCLIM
2 MPI-M-MPI-ESM-LR r3i1p1 COSMO-crCLIM
3 CNRM-CERFACS-CNRM-CM5 r1i1p1 COSMO-crCLIM
4 CNRM-CERFACS-CNRM-CM5 r1i1p1 ALADIN63
5 MOHC-HadGEM2-ES r1i1p1 ALADIN63

GCM: Global Climate Model. RCM: Regional Climate Model.

Some behavior remains however unexplained. In particular, we could not provide284

good suggestions as to why the perfect adaptation costs were underestimated by the285

additive method only in the SUF family of compound scenarios (although the result286

is less robust across models). A natural extension of this study is to complexify the287

modeling of the energy system to include dispatchable fixed costs and diversify the288

mix of dispatchable producers. The impacts of climate change on the water-energy289

nexus should also be considered as well.290

We have however high confidence that the results of this study will transpose to291

any energy system modeling study aiming at understanding the impacts of climate292

change on the optimal investment planning question. We thus strongly recommend,293

in line with [45], that plausible future socioeconomic scenarios are included in any294

climate change study aiming at producing reliable and accurate policymaking advice.295

Methods296

Climate data297

We use climate data from the EURO-CORDEX initiative [62, 66]. Six global/regional298

model pairs are considered in this study, whose details are given in Tables 1 and 2. We299

use both data from the historical (1975–2005) and future (2020–2099) periods, the lat-300

ter being forced with RCP 8.5 [67]. Considered variables are 2m air temperature (tas),301

surface downward shortwave radiation (rsds), both at 3h time resolution, and zonal302

(ua100m) and meridional (va100m) wind, both at 1h time resolution. The acronym303

in parenthesis corresponds to the short variable name in EURO-CORDEX. Spatial304

resolution is approximately 12×12kilom over the whole area of study, a map of which305

is shown in Supplementary Information, Figure 1. Data curation steps are needed to306

ensure the data is ready-to-use for our modeling purposes. These are recapitulated307

in Supplementary Information, Section 1.2. We use the CDF-t algorithm [68–71] to308

calibrate the EURO-CORDEX data to ERA5 reanalysis data [72]. ERA5 data is first309

interpolated at every EURO-CORDEX grid point using bilinear interpolation, and310

then calibrated at each grid point.311
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Table 2: GCMs and RCMs considered in the study.
Driving GCM/RCM Version References

ICHEC-EC-EARTH 2 [73, 74]
MOHC-HadGEM2-ES 2 [75]
MPI-M-MPI-ESM-LR - [76, 77]

CNRM-CERFACS-CNRM-CM5 5 [78]
COSMO-crCLIM 4 [79, 80]

ALADIN63 6 [81, 82]

GCM: Global Climate Model. RCM: Regional Climate
Model.

Wind and solar generation312

We compute time series of wind and solar generation per unit capacity (i.e. capacity313

factors) from climate data. Wind and solar capacity factors are computed following314

[53, 54, 83]. This entails that wind turbines are supposed to be always facing the315

wind and that we neglect wake losses. In turn, solar panels are supposed to be facing316

due south and have a fixed tilt. We add a temperature dependency to wind capacity317

factors [84] by multiplying the total wind speed by a coefficient318

(ρ/ρ0)
1/3

=

(
T0

T − L(zh − z)

)1/3

, (3)

where ρ is the air density at hub height, ρ0 the reference air density, T0 the reference319

temperature (288.15K or 15 ◦C), T is the surface temperature variable, L the lapse320

rate (0.0065Km−1), z is the height of the surface temperature variable (2m), and zh321

the hub height (101m). We thus obtain wind capacity factors that depend on the wind322

regimes as well as the ambient temperature, and solar capacity factors that depend323

on surface solar radiation patterns and temperature as well.324

These capacity factors are then averaged per region of the area of study (see Sup-325

plementary Information, Figure 1) and bias corrected to observations from the french326

transmission system operator (freely available at https://opendata.reseaux-energies.327

fr/) according to [83].328

Demand model329

We use the temperature sensitive demand model presented in [54] to generate plau-330

sible time series of hourly demand for France. We train the model with electricity331

demand data from the french transmission system operator (freely available at332

https://opendata.reseaux-energies.fr/) for the years 2014–2019 and surface tempera-333

ture time series from ERA5 reanalysis data [72]. We then validate the model against334

data for the year 2013. We find that our model explains 90% of the demand’s vari-335

ability, with a mean error of 5% to 10% of the observed demand. Model coefficients336

are modified as in [54] to generate different socioeconomic scenarios of demand. For337

each scenario, 30 year long hourly demand time series are then obtained by applying338

the modified demand model to the different periods (historical and future) of climate339

data.340

12

   

 

 
 

 
  

 
 

 
     

 
 

 
  

 
  

  
 

 
 

 
  

 
 

 
 

   
 

  
 

 
 

 
 

 



Energy system model341

We use the bottom-up linear programming stochastic power system model E4CLIM342

[83] in its most recent version [53, 54] to solve for the optimal investment problem343

in wind and solar capacity while ensuring hourly adequacy through the optimization344

period. The model performs a one-step greenfield optimization based on a system total345

cost comprising wind and solar fixed costs and dispatchable producers variable costs.346

Fixed costs of the dispatchable producers are not accounted for in this version of the347

model which is equivalent to having an unlimited stock of available dispatchable pro-348

ducers at no costs. This places us in an idealized setting in this regard, but should not349

affect the conclusions of the study since this behavior is consistent throughout sce-350

narios. We solve our optimization problem for 30-year long periods of hourly demand351

and wind and solar capacity factors.352

Scenarios353

This study aims at disentangling the compound vs. additive affect of socioeconomic354

and climate change on the adaptation potential of the electricity generation sector.355

This implies the design of future plausible scenarios both of socioeconomic evolution356

and climate change.357

In this study, socioeconomic scenarios only relate to the demand side of the elec-358

tricity generation sector. As such, cost data remains fixed throughout the different359

scenarios: wind and solar fixed costs are kept constant and equal to those in [54].360

This translates to capex lower by 16% and 64% compared to 2015 values [85] for361

wind and solar respectively. The parameter that determines the variable costs of the362

dispatchable production in our model (see [54]) is kept constant as well, but set to a363

higher value than what is observed at present (2018) to guarantee a high penetration364

of wind and solar energy in cost-optimal mixes. In our study, socioeconomic scenar-365

ios are determined by the level of heating demand electrification, AC adoption and366

baseline demand increase. They are summarized in Table 3. Current levels of heating367

demand electrification, AC adoption and baseline demand make up for the reference368

(REF) scenario. They are determined from [65] and [64]. The sufficiency (SUF) fam-369

ily of scenarios comes from the energy and climate plan of the french government [86]370

that projects the increase in electricity demand in 2050. We suppose in this case that371

the share of electric heating and AC appliances remains constant to that of REF.372

In the moderate electrification (MOD) family of scenarios, the rate of electric heat-373

ing and AC equipment, as well as the amount of baseline demand are increased to374

reach projections for 2050 from the transmission system operator [65]. Finally, the375

total electrification (TOT) family of scenarios explores extreme electrification levels,376

with baseline demand increase based on electricity demand growth projections from377

[63] up until 2085. These socioeconomic scenarios are then combined to six different378

scenarios of climate change to yield the 24 scenarios considered in this study.379

Climate change scenarios are derived from the sampling of the RCP 8.5 experi-380

ment at different 30 year long periods in the 21st century. We choose to sample the381

80 year long simulation on periods centered around 2035, 2050, 2060, 2070 and 2085,382

corresponding to a global warming above pre-industrial levels of respectively 1.75 ◦C,383
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Table 3: Socioeconomic scenarios considered in the study.
Scenario family Electric heating (%) AC adoption (%) Increase in baseline demand (%)

REF 35 23 -
SUF 35 23 15
MOD 88 55 30
TOT 100* 100 45

AC: Air Conditioning.
* This scenario involves some increased usage as well, so that the equivalent level of heating demand
electrification would be of 113.75% instead of 100%.

2.35 ◦C, 2.80 ◦C, 3.25 ◦C and 4.04 ◦C [14]. Any socioeconomic scenario combined to a384

level of climate change is referenced by the socioeconomic scenario family acronym385

followed by the level of global warming: e.g. the MOD scenario combined to 2.35 ◦C386

of global warming is thus referred to as the MOD2.35 scenario. The reference climate387

is set to be the historical (1975–2005) period. Any socioeconomic scenario combined388

to the historical period keeps its acronym, e.g. the MOD socioeconomic scenario com-389

bined to the reference climate is simply denoted as the MOD scenario. This yields390

4 × 6 = 24 scenarios that combine either a socioeconomic change from the REF sce-391

narioi (e.g. MOD), a climate change from the REF scenario (e.g. REF2.35), or both392

(e.g. MOD2.35).393
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1 Model domain and setup
1.1 Area of study
The area of study corresponds to metropolitan France, subdivided into its adminis-
trative regions. A map of the area of study is presented Figure 1.

1.2 Climate data curation
Climate data curation steps are needed to ensure a consistent dataset. They are
recapitulated in Table 1.
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Fig. 1: Area of study: detail of french administrative regions.

Table 1: Data curation steps needed in the study.
GCM/RCM pair ID Issue Workaround

0 - -
1 calendar is 360 days convert to 365/366 days calendar

downloaded va100m file for year 2093 cannot be read replace it with year 2089
downloaded va100m file for year 2094 cannot be read replace it with year 2090
downloaded va100m file for year 2095 cannot be read replace it with year 2091
downloaded va100m file for year 2096 cannot be read replace it with year 2092
downloaded va100m file for year 2097 cannot be read replace it with year 2089
downloaded va100m file for year 2098 cannot be read replace it with year 2090

year 2099 missing for ua100m, va100m, tas, rsds replace it with year 2095 or 2091
2 downloaded va100m file for year 2099 cannot be read replace it with year 2098

va100m field show absurdly high magnitude values set a cutoff value
3 downloaded ua100m file for year 2070 cannot be read replace it with year 2066

downloaded ua100m file for year 2092 cannot be read replace it with year 2088
4 year 2047 missing for ua100m, va100m, tas, rsds replace it with year 2046
5 downloaded ua100m file for year 2097 cannot be read replace it with year 2093

downloaded ua100m file for year 2098 cannot be read replace it with year 2094
downloaded ua100m file for year 2099 cannot be read replace it with year 2095

GCM: Global Climate Model. RCM: Regional Climate Model.

2

   

 

 
 

 
  

 
 

 
     

 
 

  



2 Computed optimal wind and solar mixes
2.1 National level
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(a) ICHEC-EC-EARTH + COSMO.

(b) MPI-ESM + COSMO.

(c) CNRM-CM5 + COSMO.

Fig. 2: Cont.
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(d) MOHC-HADGEM2 + COSMO.

(e) MOHC-HADGEM2 + ALADIN63.

Fig. 2: Optimal wind and solar mixes and necessary dispatchable capacity aggregated
at the national level for all models of the ensemble (but CNRM-CM5 + ALADIN63).
Bars are hatched when maximal installable capacities are reached. PV stands for solar
photovoltaic.
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2.2 Regional level
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(a) ICHEC-EC-EARTH + COSMO. (b) MPI-ESM + COSMO.

(c) CNRM-CM5 + COSMO. (d) CNRM-CM5 + ALADIN63.

(e) MOHC-HADGEM2 + COSMO. (f) MOHC-HADGEM2 + ALADIN63.

Fig. 3: Optimal wind installed capacity for the REF scenario. Regions where no
capacity is installed are hatched while regions where maximum installable capacity is
attained are dotted.
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(a) ICHEC-EC-EARTH + COSMO. (b) MPI-ESM + COSMO.

(c) CNRM-CM5 + COSMO. (d) CNRM-CM5 + ALADIN63.

(e) MOHC-HADGEM2 + COSMO. (f) MOHC-HADGEM2 + ALADIN63.

Fig. 4: Optimal solar installed capacity for the REF scenario. Regions where no
capacity is installed are hatched while regions where maximum installable capacity is
attained are dotted.
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(a) ICHEC-EC-EARTH + COSMO.

(b) MPI-ESM + COSMO.

Fig. 5: Cont.
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(c) CNRM-CM5 + COSMO.

(d) CNRM-CM5 + ALADIN63.

Fig. 5: Cont.
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(e) MOHC-HADGEM2 + COSMO.

(f) MOHC-HADGEM2 + ALADIN63.

Fig. 5: Optimal wind installed capacity per region and scenario. White regions indi-
cate that no capacity is installed, whereas hatched areas indicate that a region’s
maximum installable capacity has been reached.
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(a) ICHEC-EC-EARTH + COSMO.

(b) MPI-ESM + COSMO.

Fig. 6: Cont.
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(c) CNRM-CM5 + COSMO.

(d) CNRM-CM5 + ALADIIN63.

Fig. 6: Cont.
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(e) MOHC-HADGEM2 + COSMO.

(f) MOHC-HADGEM2 + ALADIN63.

Fig. 6: Optimal solar installed capacity per region and scenario. White regions indi-
cate that no capacity is installed, whereas hatched areas indicate that a region’s
maximum installable capacity has been reached.
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(a) REF scenario, REF mix
(ICHEC-EC-EARTH + COSMO).

(b) MOD2.35 scenario, REF mix
(ICHEC-EC-EARTH + COSMO).

(c) MOD2.35 scenario, MOD2.35 mix
(ICHEC-EC-EARTH + COSMO).

Fig. 7: Cont.

3 Impacts on generation
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(d) REF scenario, REF mix
(MPI-ESM + COSMO).

(e) MOD2.35 scenario, REF mix
(MPI-ESM + COSMO).

(f) MOD2.35 scenario, MOD2.35 mix
(MPI-ESM + COSMO).

Fig. 7: Cont.
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(g) REF scenario, REF mix
(CNRM-CM5 + COSMO).

(h) MOD2.35 scenario, REF mix
(CNRM-CM5 + COSMO).

(i) MOD2.35 scenario, MOD2.35 mix
(CNRM-CM5 + COSMO).

Fig. 7: Cont.
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(j) REF scenario, REF mix
(MOHC-HADGEM2 + COSMO).

(k) MOD2.35 scenario, REF mix
(MOHC-HADGEM2 + COSMO).

(l) MOD2.35 scenario, MOD2.35 mix
(MOHC-HADGEM2 + COSMO).

Fig. 7: Cont.
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(m) REF scenario, REF mix
(MOHC-HADGEM2 + ALADIN63).

(n) MOD2.35 scenario, REF mix
(MOHC-HADGEM2 + ALADIN63).

(o) MOD2.35 scenario, MOD2.35 mix
(MOHC-HADGEM2 + ALADIN63).

Fig. 7: Total generation over the 30 year period for (a, d, g, j, m) the reference
conditions (REF scenario, REF mix) and two cases showing either (b, e, h, k, n)
non-adaptation (MOD2.35 scenario, REF mix), and (c, f, i, l, o) perfect adaptation
(MOD2.35 scenario, MOD2.35 mix) strategies. Results for all models of the ensemble
but CNRM-CM5 + ALADIN63. The number within the pie chart corresponds to the
average yearly generation. All other numbers are percentages.
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4 Additive vs. compound effect
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(a)

(b)

Fig. 8: Cont.
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(c)

Fig. 8: Adaptation metrics under the compound or additive impact of socioeconomic
and climate change. Non-adaptation costs (NAC) are shown as full (compound effect)
or dashed (additive effect) empty bars, perfect adaptation costs (PAC) are shown in
blue (compound effect) or green (additive effect) bars, while the cost of unprepadness
(CoU) is shown in orange (compound effect) or in red (additive effect). All results for
model pair ICHEC-EC-EARTH + COSMO.
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(a)

(b)

Fig. 9: Cont.
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(c)

Fig. 9: Adaptation metrics under the compound or additive impact of socioeconomic
and climate change. Non-adaptation costs (NAC) are shown as full (compound effect)
or dashed (additive effect) empty bars, perfect adaptation costs (PAC) are shown in
blue (compound effect) or green (additive effect) bars, while the cost of unprepadness
(CoU) is shown in orange (compound effect) or in red (additive effect). All results for
model pair MPI-ESM + COSMO.
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(a)

(b)

Fig. 10: Cont.
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(c)

Fig. 10: Adaptation metrics under the compound or additive impact of socioeconomic
and climate change. Non-adaptation costs (NAC) are shown as full (compound effect)
or dashed (additive effect) empty bars, perfect adaptation costs (PAC) are shown in
blue (compound effect) or green (additive effect) bars, while the cost of unprepadness
(CoU) is shown in orange (compound effect) or in red (additive effect). All results for
model pair CNRM-CM5 + COSMO.
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(a)

(b)

Fig. 11: Cont.
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(c)

Fig. 11: Adaptation metrics under the compound or additive impact of socioeconomic
and climate change. Non-adaptation costs (NAC) are shown as full (compound effect)
or dashed (additive effect) empty bars, perfect adaptation costs (PAC) are shown in
blue (compound effect) or green (additive effect) bars, while the cost of unprepadness
(CoU) is shown in orange (compound effect) or in red (additive effect). All results for
model pair MOHC-HADGEM2 + COSMO.
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(a)

(b)

Fig. 12: Cont.
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(c)

Fig. 12: Adaptation metrics under the compound or additive impact of socioeconomic
and climate change. Non-adaptation costs (NAC) are shown as full (compound effect)
or dashed (additive effect) empty bars, perfect adaptation costs (PAC) are shown in
blue (compound effect) or green (additive effect) bars, while the cost of unprepadness
(CoU) is shown in orange (compound effect) or in red (additive effect). All results for
model pair MOHC-HADGEM2 + ALADIN63.
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(a) ICHEC-EC-EARTH + COSMO

(b) MPI-ESM + COSMO

Fig. 13: Cont.

5 System total costs for all mixes and scenarios
5.1 Climate change only scenarios
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(c) CNRM-CM5 + COSMO

(d) CNRM-CM5 + ALADIN63

Fig. 13: Cont.
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(e) MOHC-HADGEM2 + COSMO

(f) MOHC-HADGEM2 + ALADIN63

Fig. 13: System total cost (STC) per scenario and per mix (climate change scenarios
only), for all models of the ensemble.
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(a) ICHEC-EC-EARTH + COSMO

(b) MPI-ESM + COSMO

Fig. 14: Cont.

5.2 Socioeconomic change only scenarios
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(c) CNRM-CM5 + COSMO

(d) CNRM-CM5 + ALADIN63

Fig. 14: Cont.

35

                        



(e) MOHC-HADGEM2 + COSMO

(f) MOHC-HADGEM2 + ALADIN63

Fig. 14: System total cost (STC) per scenario and per mix (socioeconomic scenarios
only), for all models of the ensemble.
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(a) ICHEC-EC-EARTH + COSMO

Fig. 15: Cont.

5.3 Socioeconomic and climate change scenarios
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(b) MPI-ESM + COSMO

Fig. 15: Cont.
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(c) CNRM-CM5 + COSMO

Fig. 15: Cont.
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(d) CNRM-CM5 + ALADIN63

Fig. 15: Cont.
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(e) MOHC-HADGEM2 + COSMO

Fig. 15: Cont.
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(f) MOHC-HADGEM2 + ALADIN63

Fig. 15: System total cost (STC) per scenario and per mix, for all models of the
ensemble.
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