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wholeSEM  Background on topDIP

 Energy system transitions are complex

* As part of wholeSEM each team developed models covering different aspects
of the transition
- UCL: Energy system
- Surrey: Social practices
- Imperial: Power system
- Cambridge: Energy, land and water

e A core goal of wholeSEM was to undertake hybrid (or whole systems)
modelling

* In topDIP we selected one overarching question that needs a combination of
models to study its different aspects
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A core goal of wholeSEM was to undertake hybrid (or whole systems) modelling which allows answering questions of the energy transition that  need a suite of models



Background on the overarching research

wholeSEM :
question

* The decarbonisation of the electricity sector is a low hanging fruit—=> key to achieve

national and international emissions reduction goals (Climate Change Act 2008 and
Paris Agreement)

e Research shows that options to reach goals are available but the question is whether
these models accurately reflect technical, social (and environmental), political
challenges and realities!?

— Given the importance and urgency to decarbonise the electricity sector we need to
include more social, environmental and technical realism to our models

Research question: How to model the decarbonisation of the electricity
sector when considering social, environmental and technical issues?



wholeSEM  Study Overview

How to model the decarbonisation of the electricity sector when
considering social, environmental and technical issues?
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wholeSEM Presentation overview

e Flexibility Case study: Accounting for Impact of Flexibility on System Integration of Variable
Renewables in Low-Resolution Models
Marko Aunedi

e Social Practices Case study: Integrating social practice and economic rationality principles
in household energy demand modelling
Kavin Narasimhan

 Nexus Case study: Planning low carbon electricity systems for Great Britain in 2050: a land-
energy-water perspective
James Price

e Conclusions
Marianne Zeyringer
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Accounting for Impact of Flexibility on System
Integration of Variable Renewables in Low-
Resolution Models

Marko Aunedi (Imperial College London)
Peihao Li (UCL)
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wholesem Why flexibility matters?

12

* Previous studies (CCC, BEIS, Carbon  _ | wore e -

Trust, NIC...) have shown that : Booes

flexibility is critical for cost-effective % o OO H

integration of low-carbon 31 N BN P BT .=

technologies, in particular variable & i . o
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* High-resolution modelling is 105 sogluinddom) | 30g(Pv-dom)
necessary to capture full implications % > I « How does the variability
of ﬂeX|b|||ty for VRE integration % 150 - 1ﬁol of RES generation affect

* Multi-vector long-term energy system % 1l its economic
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wholesem  UKTM = The UK TIMES Model

« Divided in existing & new houses
* Space heat, hot water, other ser.
* Technology data based on various

 Developed by UCL Energy Institute

> Residential UK-focused studies
¢ W h O | e U K e n e rgy SySte m * Potentials & costs for domestic * Divided in low- and high
. resources and traded products 3 consumption buildings
([ ] Te C h n O | Ogy_ rl C h * Mainly informed by global model TIAM > Service * Structure similar to residential
® - Electricity * 8subsectors, 4 modelled in a
Le d St COSt m Od € I process-oriented manner
. . RES‘OUTCQS —>> Industry * Demand projections aligned with
e Coarse spatial and temporal resolutions and imports > DECC Energy model
e National scale, 16 time-slices (4 slots >|{Eiossssing| T ———T—r——
I n 4 re p rese ntat I Ve d ayS) * Generation, storage and trans-mission Transport * Demands calibrated to NTM
grid & interconnectors > * Technology data sourced from Dodds
' ' = Data aligned with DDM and McDowall (2014).
e Adopted by BEIS for policy making
® Sth Ca rbo N B u dget = Covers refining, bioenergy processing, > Agriculture and | | ¢ Differentiated in demand for
. . . landfills, hydrogen production, CCS land use transport, heat and electricity
® infrastructure * Land use and agricultural emission
Emissions reduction plan ? Land use and agric
B
Key outputs . . ] .
. 5+ finter | pring ummer utumn
Key input data « Total and annual energy system costs
* System configuration * Primary & final energy - by sector / fuel -
* Resource supply curves - * GHG emissions; marginal emissions prices §
* Energy service demands e Im-/Exports & domestic production of fuels z
* Technology characterisation * Electricity generation— by fuel / technology :
* Constraints » End-use technologies and fuel use
* Use of conservation, efficiency

4000 5000 £000 7000 8000
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Whole-electricity System Model !mperial College
wholeSEM (WeSIM) L OoNaAaon

h

d Ma keS Opt| mal investment d nd Interconnected GB system Future deyelopment scgnarios (GB & EV):
operational decisions that minimise total Dot (olostiteation oy <
system cost:

e Generation CAPEX
e Transmission CAPEX

WeSIM:

GB + EU Grid Model: Generation,
Transmission + Transmission and

* Distribution CAPEX (Representative DISiroifen Distribution Investment
Networks) and Operation Model
* OPEX ¥

* Investment in G/T/D & storage infrastructure
AT ! Fye I » Generation & storage output, RES curtailment & CO2
~10 representative DNs emissions

* High temporal and spatial resolution
e Highly suitable for evaluating flexible

= = » Overall investment and operation cost
options — time and location effects = /WM/ § o §
. . ie Syst lue of
e Endogenous security and CO, constraints i

e Advanced treatment of system inertia “
and frequency regulation requirements

e Used in a number of previous studies
(CCC, BEIS, Carbon Trust, NIC etc.)
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Imperial College
whoesem Model integration approach

e Two key models:
e UKTM - low-resolution, all-energy system,
technology-rich model
e WeSIM - high temporal and spatial

resolution model of electricity system
e Key parameter adopted to quantify the m
ability of electricity system to integrate
VRE: output curtailment Curtailment of VRE

* Function of flexibility T
e Requires high-res modelling (WeSIM) = f(installed VRE, Flex)

 Proposed linking of UKTM and WeSIM:
use multiple WeSIM runs to represent VRE

curtailment as function of two variables:
e VRE penetration (or installed capacity)
e Level of flexibility in the system

e Represent curtailment levels as
constraints on annual output of VRE in
UKTM




wholesem Implementation

1. Run a number of WeSIM simulations
to quantify VRE curtailment (z) as
function of:

e Varying VRE (wind + PV) penetration (x)
 Varying installed storage capacity (y, proxy
for system flexibility)

2. Use these data points (x,y,z) to
construct planes through triplets of
adjacent points: z = A;x + B;y + C;

e Results in a piecewise linear 3D curtailment
surface

3. Constrain annually available output of
VRE |n WES”VI: EVRE < Eg%gll — Zj Vi

Imperial College

Annual RES curtailment

Storage

capacity

Variable RES output

Curtailment of VRE may trigger investing in energy
storage to ensure a more efficient VRE integration.
This will provide a proxy for the System Integration
Cost (SIC), enabling a fair comparison to other low-
carbon technologies (e.g. nuclear).



Imperial College
whoesem Preliminary results ondor

e We analysed three high-level scenarios in terms 2.5

of VRE share in 2050 electricity supply: 2.0
 VRE penetration = 60% (VRE60)
e VRE penetration = 70% (VRE70)
 VRE penetration = 80% (VRE80)

e UKTM was run for these scenarios with and
without the modification to account for VRE
curtailment

W 2040 w2045 m2050

1.5

1.0

0.5 I

Change in installed capacity (GW)

_ g
. o . VREGO VRE VRE VREGO VRE70 VREZ0
e As expected, the modification of UKTM resulted o5 J— Chane i storage camacity

in lower installed VRE capacity and higher
storage capacity

* |mpact of proposed approach more 15
pronounced at high VRE levels

-1.0

(Note that UKTM can shift demand from/to electricity sector
given its multi-vector dimension. This is why the same VRE
penetration could be maintained with lower capacity.)



wholeSEm  Future refinements

Additional testing and validation

Include other influencing variables:
e Demand
e Nuclear capacity
e Other forms of flexibility

Increase number of data points used to
construct 3D curtailment surface
Separate curtailment for wind and PV
Refine cost assumptions on VRE, nuclear
and energy storage to identify tipping

points
* When does VRE become more competitive
than nuclear?

Imperial College
London &

~

VS.
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SURREY
wholeSEM

Integrating social practice and economic rationality
principles in household energy demand modelling

Kavin Narasimhan (Surrey University)
Dimitrios Papadaskalopoulos (Imperial College London)
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Emerging Challenges for Power % SURREY London

WholeSEM - g stems and Role of Demand
07 : Underutilized conventional generation needs
06 | | to remain in the system as a “back-up”
05 energy source and flexibility provider
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s 4 Ay . ﬁ university of Imperial College
~__ Power system modelling SURREY London

Wélesi;i& (WeSIM)

Interconnected GB system

[ Future development scenarios ]
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EU Electricity WeSIM: generation
Demand, Minimise overall targets and
Generation and investment and operation system

Network data costs of power system security

\constrainty

* Investment in network assets
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Representative distribution networks * Operation scheduling of generation, storage and flexible
demand
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UNIVERSITY OF Imperlal College

Economic rationality / utility SURREY |
WholeSEM maximisation framework

e The consumers determine the schedule of their appliances by maximizing their perceived utility

* based on microeconomics foundations
e the most common approach in power systems / energy economics literature

e Maximize U = B(P) — A*P subject to operational constraints
e U : perceived utility (expressed in monetary terms e.g. £)

* B: perceived benefit or satisfaction from the use of the appliances, expressing consumers’
preferences and requirements (£)

A : electricity price at each time period (£/kWh)
P : electrical power consumed at each time period (kW)
A*P : electricity payment (£)

18



UNIVERSITY OF Imperlal College

Limitations of the framework and SURREY |

wholeSEM the move to a sociological approach

Insights from a sociological approach to understand the dynamics of household energy
demand:

e Satisfaction is not a function of electrical power (kW); the satisfaction that
consumers perceive will depend on the service quality and will be appliance-specific

e Satisfaction cannot be accurately expressed in monetary terms, even by consumers
themselves

e Consumers do not generally behave economically rationally, e.g. they do not always
act according to future prices

* Interdependencies between different household practices are neglected
e Various contextual factors, habits and routines drive consumers’ behavior

19
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Social practice theories: SURREY London
wholeSEM Concept 1

Outcomes intended from
performing a practice

Meaning

SOCIAL

PRACTICE
Skill

Knowledge, know-
hows, skill

Material

>

Object, body, mind —
instruments used to
perform practices

20
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Social practice theories: SURREY

wholeSEM
Concept 2
- - ~
clean N
clothes
. N\
T <
% N T \
/ oper:te central 22:::: \ Key
‘ washer heating heating \ Meaning
\ ._ | BMaterial
personal morning >l
N hygiene routine /
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wholesem The HOPES model SURREY' London

Agent-based
model

Expert System

Inference
Engine

Rule Base

Rules about
Household
Practices

Local Working
Memory of
Household 1

Infer
Knowledge

22



§ university of Imperial College

Overview of the Integration of SURREY London

WholeSEM  \njeSIM and HOPES

( Calibrate ]

‘ L appliance models J

( Use insights to improve the 1
analytical model of consumer [«
L preferences J

<
‘ -

A 4
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whole

TIME OF THE DAY

Flat Rate Scenario

MONTH & YEAR

Price-based Demand Response Scenario

Months

MONTH & YEAR

UNIVERSITY OF Im

SURREY London

energy
8

Although both scenarios produce roughly similar profiles of annual heating demand, the price-based
demand response scenario results in an overall increase of demand, which happens because consumers are
(in a sense) passively encouraged to use heating when the tariffs are low

perial College

24
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Deriving a practice-centric SURREY

wholeS= understanding of the demand profile

Flat Rate Scenario

Meaning = Cosiness

NNNNNNNNNNNNN
15

Price-based Demand Response Scenario

NNNNNNNNNNNNN
15

MMMMMM

Responding to Peak Prices makes
consumers view Heating as a Necessity
rather than as a Comfort at other times

of the Day

MMMMMM
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whoesem Revisiting the Integration Plan SURREY  London

Calibrate ]

i appllance models J

i —

Use insights to improve the
L analytlcal model of consumer

preferences
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Contributions and Expected SURREY |
wholeSEM Outcomes

e Use the HOPES model to determine the main factors that drive consumers’ behavior,
and consequently, their demand profiles

e However, combining the HOPES ABM expert system model with a whole electricity
system model is practically infeasible with the available tools and resources

e Therefore our approach involves deriving an approximate analytical model of
consumers’ preferences based on the outputs of HOPES and use this approximate
model to investigate how a more accurate representation of the demand side can
affect power system operation and investment policies

27
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Planning low carbon electricity systems for
Great Britain in 2050: a land-energy-water
perspective

James Price (UCL)
Dennis Konadu (Cambridge University)
Andy Moore (UCL)
Zenaida Sobral Mourao (Cambridge University)
Marianne Zeyringer (UCL)
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wholeSEM
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UNIVERSITY OF ﬁ
CAMBRIDGE

Aim: to represent more of the key factors that shape future low carbon power system design.

Variable renewables (wind + solar):

e How much and where driven by land
availability -> social, environmental and
technical factors.

e Determines total output and timing of
production

* “Good”/”Bad” sites -> lower/higher
project levelised cost of electricity
(LCOE).

Nuclear:
* Very strict siting requirements

» Significant social acceptability issues

* Typically limited to legacy sites

Non-nuclear thermal generation:

* Siting and cooling technology
determined by future water availability

e Some social acceptability issues

To achieve this complex task we bring together three models: UK TIMES, Foreseer and highRES
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The models
wholeSEM

* high spatial and temporal resolution electricity system model (highRES) —

developed at UCL as part of WholeSEM — runs for one “snapshot” year (8760 yz
hours).
///
e
* Makes capacity investment (annualised costs) and operational (dispatch) @
decisions so supply >= demand in every hour of the year, at least cost, subject to: “‘\

e Technical constraints: ramping, storage, transmission and grid CO2 intensity.

e Land constraints: social, environmental and technical factors that shape VRE deployment -.
(NEW!)

e Water constraints: abstraction and consumption limits for thermal generation (NEW?!) @

e Soft linked to UK TIMES (UKTM; also developed at UCL as part of WholeSEM): @
e Cost optimising, long time horizon model of the whole UK energy system. =
* highRES complements UKTM'’s long term, holistic view. =
* Here integrated with Foreseer: _
* Developed University of Cambridge, designed to investigate land-energy-water nexus.

e Estimates land & water availability based on future demand by different sectors at high
spatial resolution.



Linkage
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UKTM

| |

Technology Chosen scenario

cost estimates

for 2050 l l

Fuel prices & Total annual
grid CO2 electricity
intensity in 2050 demand

l

!

Capacity and location
of Generation

Hourly electricity demand

!

l

3 scenarios of
nuclear

UNIVERSITY OF ﬁ
CAMBRIDGE

Foreseer & GIS

l

3 scenarios of
water availability

for thermal
deployment .
generation
\ 4
Historical hourl . . .
o y Hourly time series Water abstraction
electricity demand . )

of wind and solar & consumption per

from National grid

on 0.5°x0.5° (35km
for 2006

x 50km) for 2006

v v

highRES

!

Capacity and location
of Storage and
Transmission

tech

!

Total system costs, emissions,
electricity price, power plant
usage rates, curtailment

l

3 scenarios of
land availability
for VREs




Land availability for VRE

dh
wholeSEM CAMBRIDGE

PV low

PV high

Onshore
wind
low

Onshore
wind
high

Offshore
wind
low

Offshore
wind
high
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Study setup

holeSEM

UKTM Inputs
UKTM Scenario

Electricity demand
(2050)

Grid intensity (2050)

highRES

Generators:

VRE integration
options:

NO CCS, achieves 80%
GHG cut by 2050

503TWh

4.4 gCO2/kWh

Solar PV, Wind
on/offshore, Biomass
(Open, closed and
hybrid cooling),
Nuclear

NG OCGT, Battery
storage, Transmission
reinforcement

4

Scenarios

Land for VRE:

Water:
Nuclear:

Renewable
share:

Low, med, high
Low, med, high
Low, med, high

30%, 50% and
80%

v iies
QP

UNIVERSITY OF ﬁ
CAMBRIDGE

81 highRES
runs

—_— (Here focus on

results from
low/high
combinations)
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RPS 80%
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Low <
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Land High Low

Water

LCOE (8 combinations of low/high)
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RPS 30% LCOE (£/MWh)
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40 4

Capacity (GW)

104

Results —
VRE deployment (80% RPS)

Windonshore capacity

UNIVERSITY OF ﬁ
CAMBRIDGE

W
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nJ
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All restrictions low

B All restriction high
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214 -
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2161
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-0.0



dh

CAMBRIDGE

UNIVERSITY OF

2
S
p—
(V)
Q.
oc
X
|elol
(o o) I
~— 912
t |n|....._“N
c Fv1Z
Q FE1Z
m fny 212
M L 11Z
) S 01Z
O O -mN
— [ _....m .
4 w g e
t o -Q7
- O 37 .. i
- gl 25 GZ
v Wl =, < I
C C vz
Q oc mm €7
s V EE L zZ
v o v 1Z
= < € 1Z
L 1z
%) T 1Z
D o o o o o o
Im m oo o =r ~d
<

(MD) Ajdede)



Results —
Biomass deployment (30% RPS)

BiomassCL capacity Low High

wholeSEM

CAMBRIDGE

All restrictions low
B All restriction high
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Results —
wholeSEM  Biomass deployment (30% RPS) i

BiomassHy capacity Low High
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B All restriction high
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Conclusions
wholeSEM

CAMBRIDGE

* The inclusion of land, water and nuclear constraints has sizable impact on system design:
* Costs
e Spatial deployment patterns

e Technology choices (e.g. biomass cooling)
e VRE integration options - storage and transmission reinforcement (not shown due to time
restrictions)

e Sensitivity analysis demonstrates under what circumstances certain factors become important.

e Linking and integrating models is challenging but worthwhile.




Overarching conclusions



wholeSEM: Conclusions

* Linking models with the aim of representing technical, environmental and
social issues is challenging: different concepts, disciplines, modelling

approaches

e For this project we developed two approaches of integrating models:

- Using one model to come up with a parameterisation to be used in another
model (Flexibility and Social Practices Case studies)

- Integrating significant parts of one model into another (Nexus Case study)



wholeSEM- Conclusions

Case studies represent three novel approaches to improve the representation of

e o e . [ e e e i
Flexibility : Electricity system | . > : Long term energy :
requirements ,___model (WeSIM) 1 Curtailment | _system model (UKTM) |
I— -------------- 1 T R R N N
Demand side | Agent Based Model Il Social , | Electricity system model |
I
|_____(_I_I_O_P ESL) _____ : Practices L (lN_e_SI_I\/l) _____ _:
Social acceptance
——————————————— . pEemme—— —————— e
Environmental | Land, Water Tool ! Land, water . E|ECtr!C'tV model !
acceptance ! (Foreseer) I and nuclear N (ighRES) _____ !
"""""""" ! constraints
Technical issues I
o ——— — - — - 'I
of technology siting | Llongtermenergy |

I system model (UKTM) |
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Flexibility
requirements

Social acceptance

Environmental
acceptance

Technical issues

of technology siting

Conclusions

—————————————————
I Electricity system
! model (WeSIM) !

-----------------

I AgentBased Model !

Lo [HOPES)

_________________

(Foreseer)

Land, WaterTool |

Curtailment

Social
Practices

land, water and
nuclear
constraints

_________________

)
, | longtermenergy |

l system model (UKTM) :

1
I Electricity system model 1

i (WeSIM, PriceDSP) |
| 1 1

..................
Electricity model i
(highRES) H

! longtermenergy |
|_system model (UKTM) |

Linking and integration allows us to:

1.

add social, environmental and
technical realism leading to
different results in terms of
system design and insights that
one model alone would not
produce

better explore and understand
the complex, multi-faceted
problem of transitioning to a low
carbon electricity system

45
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