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Introduction

Unmet demand for electricity: economic and social costs.

Concerns: reliability, safety, security of electricity supply
(SoS).
So0S is a broad concept: no universally accepted definition.

A common idea: ability of supply to meet effective demand
on a continuous basis.
Power supply is a complex chain exposed to unexpected
events:
+ Uncertainty (no quantitative estimates of probabilities /
impacts): scenario analyses

+ Risk (quantitative estimates): risk metrics
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Introduction

= A key ingredient to SoS: system adequacy. EC(2016):

* Power generation
- Power demand - Adequacy metrics

 Avalilability of lines

= We develop a stochastic model; demonstrate it by example:
« quantity based: physical adequacy
« peak demand = f(annual demand) . MC:risk profile
- Spain (“electric island”) beyond 2020

= Extension of Abadie & Chamorro (2019, Energy): correlation
between hydropower generation and peak demand.
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Introduction

=  We account for both:

+ Uncertainties (scenarios): demand growth (1.36% D,; 1.73% D,),
generation park (S;; S,)
* Risks (metrics): power demand, power supply (thermal, non-thermal)
= Adequacy metrics: RM, EENS, E95, LOLE, L95, LOLP
= System’s adequacy worsens in 2020, dramatically in 2040 and 2050
(when coal and nuclear completely replaced by renewables). Assumptions:
 every technology feeds its output into the system irrespective of demand;
- all hydropower plants are considered as a whole.
= Now:

+  We disaggregate hydropower generation: RoR and non-RoR stations.
«  We assess the potential of flexible hydro management for SoS purposes.

= The severity of supply shortfalls decreases sizeably but not enough.




A stochastic model

= Hourly peak demand in year t as a function of yearly demand in t :

Ing = a+ 6 x InQ +é.
= Power supply:

Thermal (j = c, g, n): random (binary) availability rate

Al =

{ 0, ‘off’ state with probability 1 — A] }
J '

1, ‘on’ state with probability A]

Non-thermal (hydro, wind, solar, cogeneration, others): random (Weibull) load factor

f(x)= {%é)k_le_q)k if x = U} F(x) = {1 g O s O}
0 ifx<O 0 if x<0O
(i) =i (14

Non-RoR stations: probability distribution correlated with peak demand

Vp = Xp;Vp = Xpp + xpy/1 — p?
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A stochastic model

= Physical adequacy metrics:

* Deterministic:

RM: Reserve margin = (available generation capacity / maximum
annual load) - 1

* Probabilistic:

EENS (MWh): Expected energy not supplied = unmet electricity
demand in year t

E95 (MWh): 95-th percentile of EENS

LOLE (hours): Loss of load expectation = average number of hours
with EENS occurrence

L95 (hours): 95-th percentile of LOLE

LOLP: Loss of load probability = probability that annual peak load will
exceed available generation




Parameter estimation: Demand

= Mainland (peninsular) system with a long-term perspective (2017-2050).
= Hourly peak demand on a daily basis: 2015 — 2017 (i.e. 1,096 data)
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Parameter estimation: Demand

= Hourly peak demand and yearly demand on an annual basis: since 1990.
a=-7.24270 —————. s

(_ 1 O ] 82 ) oo ~——Maximum hourly demand

B=0924459  __ g
(26.45) g "
aR2 = 0.976980 £ 150000 °°
15,000 g
s.e. 0.034453 e o

1990 1,992 1994 199 1,998 2,000 2,002 2004 2006 2008 2010 2,012 2,014 2,016
Years




Parameter estimation: Supply

Table A 1. Peninsular Spanish power system.
S; (demand growth: +1.36%) S, (demand growth: +1.73%)
2017 2020 2030 2040 2050 2020 2030 2040 2050
Nuclear 7,117 7,117 3,040 0 0 7,117 3,040 0 0
Coal 9,536 9,536 6,642 0 0 9,536 6.642 0 0
Natural Gas| 24,948 24948 24948 24948 24948 24948 24948 24,948 24948
Hydro: 20,331 20,331 21900 24,700 25,6000 20331 23300 25,900 28.600
RoR 2,104 2,104 2,104 2,104 2,10 2,104 2,104 2,104 2.1

Non-RoR 18.227 18.227 19.796 22,596 23,493 18,227 21.196 23.796 26,4:j
Wind 22863 26,000 28,700 32,100 358000 24500 32,600 39,800 44,400
Solar 6,730 16,000 20,500 24600 29400 15,100 20,300 27,300 39.300
Cogen. 6,373 8,100 9900 10,800 11,600 8,100 10,800 13200 16,100
Others 1,413 1,200 2,800 3,800 5,300 1,200 2,000 3,500 6.200
TotalMW)| 99311 113232 118430 120948 132648 110832 123630 134648 159548
I::}%d 253,082 263,621 302,026 346,026 396.43¢ 266,564 316,909 376,762 447920

= Non-RoR: conventional reservoirs (11,900 MW) & pumped-storage stations (6,327 MW)
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Parameter estimation: Supply

= ROoR: Daily generation in peak hour & installed capacity == Daily load factor

Table 1. Run-of-River (RoR) load factor: Parameter estimates (daily data 2015-17).

Month Scale (1) Shape (k) Average | Volatility
Value 95% int. Value 95% int. Up Op

January 0.520 0.499—0.542 5.163 4.360—6.114 0.479 0.106
February 0.668 0.651—0.684 9.178 7.766—10.846 0.633 0.083

March 0.734 0.717—0.751 9.330 8.019—10.854 0.696 0.089
April 0.715 0.680—0.750 4424 3.767—5.195 0.652 0.167
May 0.659 0.626—0.693 4241 3.624—4.961 0.599 0.160
June 0.531 0.507—0.555 4825 4.153—5.606 0.486 0.115
July 0412 0.398—0.426 6.364 5.482—7.386 0.384 0.070
August 0.358 0.347—0.370 6.680 5.759—7.747 0.335 0.059

September | 0.303  0.293—0.313 6418 5.500—7.487 | 0.282  (0.051
October | 0270 0.258—0.281 4962 4.301—5.723 | (0248  0.057
November | 0.369 0.351—0.387 4.457 3.802—5.224 0.337 0.086
December | 0407  0.390—0.424  5.156  4.454—5968 | 0.375  0.083




Parameter estimation: Supply

= Non-RoR: Daily generation in peak hour & installed capacity = Daily load factor

Table 2. Rest of hydro (non-RoR) load factor: Parameter estimates (daily data 2015-17).
Month Scale (1) Shape (k) Average Volatility
Value 95% int. Value 95% int. Up Op
January 0406 0.385—0427 4113 3513—42813 0.368 0.101
February 0447 0421—0475 3.692 3.080—4.425 0.404 0.122
March 0470 0448—0492 4584 3.903—5.383 0430 0.107
April 0374 0.343—0.406 2.585 2.198—3.039 0.332 0.138
May 0.355 0.325—0.386 2492 2.117—2933 0.315 0.135
June 0.285 0.264—0.306 2951 2.500—3.483 0.254 0.094
July 0.251 0.230—0.272 2.535 2.153—2.982 0.223 0.094
August 0225 0.208—0.243 2.837 2.418—3.327 0.201 0.077
September | 0222 0207—0237  3.146 2678—3.694 | (0.199 0.069
October 0.252 0.232—0.271 2.758 2.336—3.256 0.224 0.088
November 0262 0.239—0.288 2343 1.981—2.770 0.233 0.105
December 0266 0.244—0289 2.598 2.202—3.065 0.236 0.098




Parameter estimation: Supply

= Non-RoR stations’ load factor and peak demand

Table 3. Basic statistics of hourly peak demand and correlation with non-RoR’s load factor.
Hourly peak demand Correlation Coefficient
Month Up gp # Obs. p p-value 95% conf. int.
JTanuary 35.424 3,207 93 0.256 0.0132 0.055—0.437
February | 35.280 2,528 85 0.381 0.0003 0.183—0.550
March 33.340 2.563 93 0.449 0.0000 0.270—0.598
April 30,715 2,338 20 0.326 0.0017 0.128—0.499
May 30.572 2,251 93 0.101 0.3364 -0.105—0.299
Tune 33.048 2,953 90 -0.012 0.9115 -0.219—0.196
July 35.290 3.158 93 0.369 0.0003 0.179—0.533
August 33.186 2.954 93 0.215 0.0382 0.012—0.401
September| 32.236 2.766 90 0.194 0.0674 -0.014—0.386
[October 31.087 2.335 03 0.179 0.0869 -0.026—0.369
November| 33.174 2.903 90 0.152 0.1514 -0.057—0.348
December | 33.654 2.998 03 0.101 0.3370 -0.105—0.299




Matching demand and supply: Adequacy metrics

= Demand: Starting from annual demand in 2017:
- Set growth rate (e.g. 1.36%) and number of years (e.g. 13)
« Get the forecast for annual demand (in 2030)
* Plug the forecast in equation and get forecast of hourly peak demand (2030)
+ 50,000 random samples for the shock term, hence hourly peak demand
* For every single run, calculate the difference with respect to the one in 2017
Shift the maximum demand curve in 2017 accordingly (up/downward)
«  Group daily data of hourly peak demand by month

=  Supply: For every power technology:
+  Every month 50,000 random samples for their availability or load factor

= From comparison: calculate the six generation adequacy metrics




Matching demand and supply: Adegquacy metrics

2007 | 2020 | 2030 | 2040 | 2050 | 2020 | 2030 | 2040 | 2050

Inflexible hydro generation (S{ D7) |  Inflexible hvdro generation (S5 D7)
EENS 23 48 1415 151248 317,338 85 3485 258,069 547,173
E95 0 0 4814 483212 874,788 0 21,963 736,8231.342,998
LOLE 1.44 53.01) 2.945.50, 4.980.68 115.01) 4219.63 6,614.56
L95 0 4200 7,500 10,920 0 8400 9.600 12,780
LOLP 0.55 1040 9372 9824 1821 9733 9943
RM 1.34 1.57 1.56 1.37 1.33 1.49 1.56 1.42 1.48

Flexible hydro generation (S; D7) Flexible hydro generation (S5 .D;)
EENS 23 J 98 46124 124,546 I 301 92784 247847
E95 0) 0 0 171,687 387.350 0 847 307,807 667,387
LOLE 1.44 4.800 121885 2,617.18 13.12] 2,046.40 3,993.92
L95 0 0 3.6600 6,540 600 5400 8520
LOLP 0.55 335 9201 9843 745 9708  99.69
RM 1.34 1.56 1.37 1.33 1.56 142 1.48




Matching demand and supply: Adegquacy metrics

Table 6. Percentage change in adequacy metrics mduced by flexible non-RoR generation.

Demand growth: +1.36%

Demand growth: +1.73%

2020

2030

2040

2050

2020|2030

EENS

93.8%

93.1%

69.5%

-60.8%

£95

-100.0%

-04.5%

-53.7%

-96.1%

2040

-8.20%

2030

-30.3%

LOLE

96.1%

90.9%

-38.0%

47.3%

93.1% | -88.6%

-)1.%

-39.6%

195

-100.0%

-31.2%

LOLP

-304%

-01.8%

40.1%

92.9%

43.8%

-33.3%
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Matching demand and supply: Adegquacy metrics
FIGURE 2: Main adequacy metrics in 2050 without and with proactive hydro management.
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Conclusions

= Focus: system’s ability to meet demand continuously/reliably in the long run
while accounting for flexible management of hydropower stations.

= Assess generation adequacy from a physical/technical viewpoint.

= Develop a stochastic model:
«  Maximum hourly demand as a function of annual demand
«  Thermal stations can be either ‘on’ or ‘off’ with specific probabilities
*  Renewable stations display a random load factor
» Load factor of non-RoR stations correlated with hourly peak demand

= Demonstrate the model by example: mainland Spain (an ‘electric island’)

= Flexible hydropower reduces shortages substantially.

= Power shortfalls still loom worryingly high by historical standards in the long term




