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•  The recent French law for energy transition and green growth (LTECV, 2015) has 

introduced a new tool for steering the energy policy called Programmation 

Pluriannuelle de l’Energie (PPE): 

 main future orientations and priorities of public authorities in the management of 

energy sources, target investment levels for renewables, nuclear and coal plants 

closure schedule 

 

• Motivation(s): 

- Calculate the optimal electricity investment “trajectory” and production dispatch 

while respecting the techno-economic constraints and requirements of the PPE.        

- Assess the technical and economic feasability of the PPE (discuss the technical 

feasability of using nuclear power plants for load following) 

 

 

 

 

 

 

 

 

 

 



• Stochastic optimization model, defined at the regional and seasonal level,  with 

a dual perspective:  

 -  Long-term optimal investment decisions (future technology costs, demand 

trends, CO2 price, carbon emission targets, policy decisions) 

- Short-term optimal dispatching decisions (ramping constraints, minimum 

production level, minimum uptime and downtime, unplanned shutdowns) 
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Large body of papers on stochastic optimization of energy systems: 

•  IMRES model (De Sisternes, 2013); TIMES-MARKAL models; Babonneau, Caramis et Haurie 

(2016); Liu, Sioshansi et Conejo (2015); Schwarz, Bertsch et Fichtner (2015); Poncelet (2018) 

 

Similar approach to litterature estimating the system costs of high shares of renewables : 

• Storage value (De Sisternes, Jenkins et Botterud (2013); Black & Strbac (2006)); energy security 

and flexibility (Bouffard & Galiana, (2008);  Gonzalez-Salazar, Kirsten et Prchlik (2018)) 

 

More specificaly, on the case of France and the compatibility of high nuclear and renewables shares: 

•  Cany et alii. (2016); Cany et alii. (2018) : beyond 30% of renewables in the electricity mix, 

nuclear may not satisfy load-following requirements even under high flexibility scenarios 

INTRODUCTION – LITTERATURE REVIEW 
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• Case study : Region Auvergne Rhône Alpes, on the period 2019-2030 

Around 26.5 GW of installed capacities in 2018, with diversified electricity mix (50% of nuclear,  44% of hydropower, only 3% of 

PV and wind power respectively). 

 

• Comparison of 3 hypothetical investment  scenarios : 

- (S1): Baseline scenario with no decommissioning of nuclear plants after their « visite décennale » 

- (S2): Closing of 6x900 MW nuclear reactors (4 Bugey, 2 Tricastin) with no constraints on replacement investments 

- (S3): Closing of 6x900 MW nuclear reactors (4 Bugey, 2 Tricastin) with at least 50% of decomissioned capacities replaced 

by renewables 

 

• Data: 

- Demand, production : RTE 

- GDP, Population and energy efficiency growth rates: Odyssée-MURE, INSEE 

- Technical characteristics, current costs: Cour des Comptes, IEA 2015, EC JRC 2010, ADEME (Le coût des énergies 

renouvelables en France), Percebois & Pommeret (2019)  

- Cost projections: JRC Technical Reports (2018) 
 

METHODOLOGY – ILLUSTRATIVE CASE STUDY 
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• Assumption : the production of renewables and electricity demand are unknown a priori but their probability 

distribution is known. 

 

For any year 𝑦 ∈ 𝑌, season 𝑠 ∈ 𝑆 and hour ℎ ∈ 𝐻, electricity demand, PV and wind capacity factors respectively 

follow the random variables 𝑍𝑦𝑠ℎ ∈ ℝ
+, 𝑋𝑦𝑠ℎ

𝑃𝑉 ∈ [0,1] and 𝑋𝑦𝑠ℎ
𝑊  ∈ 0,1 .  

The median demand value for the 𝑛-th quantile is noted 𝑀𝑄𝑛 𝑍𝑦𝑠ℎ . 

 

 

• Structural yearly evolution of demand obtained by incrementing sectorial demands hourly shares 𝜃𝑓
ℎ by 

expected growth rate and energy efficiency growth rate (resp. 𝛼𝑓𝑦′ and 𝜂𝑓𝑦′) , for each demand quintile: 

𝑀𝑄𝑘 𝑍𝑦𝑠ℎ =   𝜃𝑓
ℎ
1 + 𝛼𝑓𝑦′

1 + 𝜂𝑓𝑦′
𝑓∈ℱ

𝑦

𝑦′=1

𝑀𝑄𝑘 𝑍0𝑠ℎ  
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• 𝑘 ∈ 𝐾: Demand quintiles ; 𝑙 ∈ 𝐿: PV quintiles ; 𝑚 ∈ 𝑀 ∶Wind power quintiles 

 

• For any PV and wind power installed capacities 𝐶𝑦𝑠
𝑃𝑉, 𝐶𝑦𝑠

𝑊  and combination of quintiles (𝑘, 𝑙, 𝑚), the net 

demand takes the following value with joint probability 𝜌𝑦𝑠ℎ,(𝑘,𝑙,𝑚) ∈ 0,1 : 

𝒟𝑦𝑠ℎ, 𝑘,𝑙,𝑚 = 𝑀𝑄𝑘 𝑍𝑦𝑠ℎ − 𝐶𝑦𝑠
𝑃𝑉 ×𝑀𝑄𝑙 𝑋𝑦𝑠ℎ

𝑃𝑉 + 𝐶𝑦𝑠
𝑊 ×𝑀𝑄𝑚 𝑋𝑦𝑠ℎ

𝑊  

 

 

 Combinatorial issue: use clustering methods. 

 

• For each time period, determine subset of cluster centroïds 𝐾∗ × 𝐿∗ ×𝑀∗ ⊂ 𝐾 × 𝐿 ×𝑀. For 

 𝒟𝑦𝑠ℎ, 𝑘∗,𝑙∗,𝑚∗
(𝑘𝑜,𝑙𝑜,𝑚𝑜) = inf 𝒟𝑦𝑠ℎ, 𝑘𝑜,𝑙𝑜,𝑚𝑜  − 𝒟𝑦𝑠ℎ, 𝑘∗,𝑙∗,𝑚∗ | 𝑘

𝑜, 𝑙𝑜 , 𝑚𝑜 ≠ 𝑘∗, 𝑙∗, 𝑚∗ ∈ 𝐾∗ × 𝐿∗ ×𝑀∗ , assign  

point  (𝑘𝑜, 𝑙𝑜 , 𝑚𝑜) to cluster with centroïd 𝑘∗, 𝑙∗, 𝑚∗  and replace 𝜌𝑦𝑠ℎ, 𝑘∗,𝑙∗,𝑚∗ = 𝜌𝑦𝑠ℎ, 𝑘∗,𝑙∗,𝑚∗ + 𝜌𝑦𝑠ℎ,(𝑘0,𝑙0,𝑚0). 



• Stochastic dynamic optimization using linear programming (GAMS) and solved using 

Cplex. 

 

• Again, computational issues due to high dimensionality. 

 

• Use two level iterative optimization models:  

- M1 : Low- time resolution stochastic investment model with random draw of net 

demand parameters, sorted by decreasing order, without replacement (With 𝐻′ ⊂ 𝐻, 

draw in subset 𝐻′ℎ′ = ℎ ∈ 𝐻| (ℎ ∈ 𝐻\𝐻
′ ∪ ℎ′ ≤ ℎ < ℎ′ + 1  for any ℎ′ ∈ 𝐻′). 

- M2: High-time resolution stochastic dispatch model including short-term technical 

constraints and net load variations, using M1 optimal investment results as input. 

 

 

METHODOLOGY – RESOLUTION ALGORITHM 

10 



CHAPTER 2 – INVESTMENT AND DISPATCH MODELS 
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• M1 : Minimize discounted sum of total expected costs (investment, fixed and variable costs) 

under demand satisfaction constraint on low-resolution time subset, where 𝒞 is the set of 

centroïd combinations: 

 

𝜂𝑀1 = 1+ 𝛽 −𝑦   𝑈𝑖𝑦𝑠 × 𝛾𝑖𝑦
𝐼 +   𝑈𝑖𝑦′𝑠′ × 𝛾𝑖𝑦′

𝐹𝑂𝑀  

𝑠′≤𝑠

𝑠′=0

𝑦′≤𝑦

𝑦′=0𝑖∈ℐ𝑠

+    𝜌𝒞𝑗 × 𝑃𝒞𝑗 𝑖𝑦𝑠ℎ′ × 𝛾𝑖
𝑉

𝒞𝑗∈𝒞𝑖∈ℐℎ′𝑠𝑦

 

 

 

• M2 : Minimize discounted sum of expected variable costs under demand satisfaction constraint 

on high-resolution time set for a given year 𝑦: 

𝜂𝑀2 = 1 + 𝛽
−𝑦     𝜌𝒞𝑗 × 𝑃𝒞𝑗𝑖𝑦𝑠ℎ × 𝛾𝑖

𝑉

𝒞𝑗∈𝒞𝑖∈ℐℎ𝑠

 

 

 

 

 

 



RESULTS – OPTIMAL INSTALLED CAPACITIES, BASELINE SCENARIO 
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Scenario (1) 



RESULTS – OPTIMAL INSTALLED CAPACITIES, NO INVESTMENT CONSTRAINT 
SCENARIO 
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Scenario (2) 



RESULTS – OPTIMAL INSTALLED CAPACITIES, 50% RENEWABLES 
REPLACEMENT SCENARIO  
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Scenario (3) 



RESULTS – OPTIMAL DISPATCH DECISION, NET DEMAND PROFILES 
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50% nuclear capacity 
production level 

 

100% nuclear capacity 
production level 

 

Demand 

Net demand 
under S1 and S2 

Net demand 
under S3 



RESULTS – OPTIMAL DISPATCH DECISION: STRUCTURAL SURPLUS RISKS ? 
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Scenario (3) 



RESULTS – SURPLUS RISK / HIGHER OPERATIONAL COSTS TRADEOFF ?    
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• No significant increase in start up/shut down 
costs between S2 and S3  Low operational 
costs of hydroelectric plants & constant 
operation of nuclear plants. 
 

• Flexibility mostly supported by hydro and 
nuclear   significant increase  expected if 
ramping costs taken into account. 

 
• Excessive production less costly than perfect 

load following under technical constraints. 
Yet, surplus costs (negative prices spikes) not 
accounted for in the model. 

 



A few preliminary conclusions can be drawn from this case study: 

• (1) Replacing decommissionned nuclear plants by renewables has huge investments 

costs and requires additional system flexibility with additional operational costs  

• (2) Load-following mostly performed by hydroelectric plants (high minimum 

production level requirements for nuclear and lower ramping rate, cf. Cany et 

al.(2018)). 

• (3) Low system flexbility results into chronic electricity surplus  Depress (negative) 

spot prices with long term financial viability issues. 

• (4) Storage as potential solution but low investment: high investment cost, yet may 

lower total system operational costs and low price probability by smoothing net 

demand. 

 

 

 

MAIN TAKINGS 
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• (1) Expand this regional case study to a national study including all French administrative regions 

and transportation network constraints. 

• (2) Further model the intertemporal hydraulic constraints of hydroelectric plants and compare 

different the techno-economic consequences of various technology flexibility/investment 

scenarios (sensivity analysis by varying ramping rates, minimum output level, minimum 

uptime/downtime, with clustered unit commitment (CUC) modelling of nuclear plants). 

• (3) Explore smart grids as local flexibility solution (storage,curtailment, demand side 

management) sparing capacity investments and/or increased operationak expenses (gains from 

lower net demand volatility). 

•  (4) Explore the feasability of large scale integration of renewables under the current pricing 

scheme (« merit order » spot price) and subvention systems and discuss alternative 

remuneration designs. 
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