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1. Thermal Energy Storage Group at KTH

« Material Characterization

« Component Testing

« System Integration and Setups

* Underground Energy Storage with Borehole and Aquifer
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2. Motivation for Thermal Energy Storage

« Half of global energy demand is in the form of heat

* 50% in industries and 47% in building space/water heating

* only 22% is renewable based

« /8% non renewable causes 40% global CO, emission

- Need for energy system efficiency and renewable penetration

- Modern Renewables
6.9%
m Fossil fuels & other B Traditional uses of biomass
@ Renewable electricity O Solar thermal
2 0% @ Non-renewable electricity @ Bioenergy
0.7% Geothermal mRenewable DHC

0.3%

0.5%
IEA, Renewables, 2020 95
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=4 2.1. High Variation in Energy Demand and Price

Price of benchmark European natural gas contracts

Figure 4.28 = Range of maximum variation in daily electricity demand in £300 per megawatt hour
the European Union and India in the Announced Pledges
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Daily demand becomes more changeable as demand for EV charging, digital
appliances, heating and cooling and other highly variable end-uses increases

Note: The range of variations in daily demand is based on the difference in the minimum and maximum
hourly demand for each day of the year.

World Energy Outlook 2021, IEA

Oct Nov
2021 2022
Source: EEX Bloomberg @

Aug

Sep




2.2. Meeting Paris Agreement?

Carbon emisisons in the atmosphere

Remaining carbon
budget to stay with
Paris Agreement
18%

Emmitted from 1850to

Added from 2000to 1999
2015 55%

27%

A fast energy transition is urgently needed
« Low carbon renewable energy sources (development
and integration)
» Production of low carbon energy carriers
« Decarbonisation of final uses of energy
» Implement flexibility in the energy networks by:
O Storing energy
O Inter-converting the different energy carriers
O Smart management of the energy networks
O Implement demand side control

DENSYS Erasmus Mundus, Lemoine, F. 2021




Thermal Power (kW)

Thermal Demand at a Shopping Mall, Stockholm
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2.3. Why Energy Storage?

Daily cooling load

/"
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thermal heat
stored
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Operation Pattern of Thermal Storage System

Source: TEPCO



in Sweden
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3 GW fossil fuel based electricity generation capacity.
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2021 Jul- 2022 Jun: 15.7 TWh total conventional thermal based

power with 2.2 TWh non-renewable fossil fuel power generation.

Conventional Thermal Power Plant based Electricity in Sweden
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2.5. Moving Towards Circular Economy

. ! UN'’s sustainable
Unsustainable p > development goals
linear economic : PR
Production, Distribution,
model, based on ) B) | Consumption, Reuse,
the “take, make g y Repair, Refurbish, Recycle
and dispose” e
ﬂ Environmental economics

Implications on economy, society, and environment
Keeping the values of products, components, services in the economy




3. Circular Techno-Economy in |@E5wedij\h lea
ECES TASK 41 nergy Agency e,

Techno-economic Innovative IEA Energy

Data collection performance Business Models Storage

Circular economy ‘ts+cietal perspective

KPI development for . e :
Open acess Data Base comprehensive circular A%auage;eg)nivgﬁg;ﬁgﬁ;d SC'er;t"ng;é?rt]eaf(?;‘;'onal

TE. analysis

Open framewb'_ﬂ%, scientific contribution to strenbffl:1en technical-economical know[edge of storage

Holistic performance Value addition enabled by Publications, scientific
Results Dissemination assessment: economic, Bz. models according to and non scientific
environmental, social application dissemination

International cd@'ibution from a Swedish projecfibordinated with the IEA and oth& relevant actors

Gallardo F., 2022 101




Gy,
ZKTHY

3.1. Sizing Optimization

P50 TMY for GHI and

meteo. vanabies with

hourly resolution
. Weather '
Location }
Database L] Economic results
) CAPEX, OPEX, LCOH
Multi-year hourly solar PEM (per config)
performance performance
(per each DC/AC config)
Solar PV - Inverter
characterization
Total CAPEX and Multi-year hourly MCA
OPEX PEM performance criteria
Input 1 i
e _ (per config) (per config)
DC/AC range (Config. relative sizes)
Per unit range of DC/AC
a
solar PV & Inverter
CAPEX and OPEX :
(per each DC/AC config) Economic
model
Electrolysis
capacity range Per unit range of PEM AC input capacity size relative to the AC nominal output of the inverter
AC/AC ratio

Gallardo F., 2022 102




3.2. Novel Business Model

Energy Storage as a Service model

B I -

Charge/Discharge

User-defined
interaction with the
rest of the system

Infrastructure-use
Long-term agreement

‘ User-defined operational strategy
Storage Storage S S . Storage
Developer BSEEEE user asset

' service T :
Discharge

Project Development

Developerscope User scope
-Project Development -Op. strategy: charge/discharge

-Interaction with the system: surpluses
injection, charging from the grid
-Covers the cost of charging

-Pays for availability, take-or-pay

-Finance
-Maintenance

Gallardo F., 2022 103




3.3. New Metrics for Storage

SSC Libraries
(Performance modules from SAM/NREL )

LCOE & LCOS
[USD cost / MWh-produced]

Life Cycle Cost
LCCoS
[USD cost / MWh-installed]

Life cycle
E B Cost structure
EROanea {CAPEX, Replacement, OPEX, taxes,
Techincal assess_ment decommissioned)
Data Results routine

Application requirement

(e.g. arbifrage, peak-shaving, heating, etc.) Life Cycle Revenue

Simulation i
Youtine e e -Python based Jupyter Notebook o _ LCRoS

Python based dtiytes Nolebook g Libraries {Numpy financial, —— \ 4 [USD cost/ MWh-installed]
Cn 0N-Das upyter Note matplotlib

System conditions libraries: {PySSC, Pandas, PO} expected Revenue lterative

(e.g. prices, MW, connection limits, efc) Numpy} (Energy, Capacily, Other services) Optimization

— . -Hourly resuition according to . LCCoCO2

_Muttiyear : Salictot mieks Life Cycle CO2 footprint

[COseq / MWh-installed]

Life Cycle Economical Value
LCVoS
[USD profit / kWh-installed]

Case study border conditions Environmental Impact Analysis Life cycle Environmental Impact
{from literature for non-operational emissions) (footprints: CO2, water, efc)

Techno-economic model for life-cycle performance simulation of energy storage

Life Cycle CO2/Profit
[CO.eq / USD profif]

External libraries/Lit. review

Metrics
Applications and case studies intended:

» Optimization: LCVoS vs LCOE: configuration results and implications
« Sensitivities: e.g. carbon footprint tax scenarios, sector coupling alternatives, etc.

Conventional I + Optimal technology selection

Proposed KPIs

Gallardo F., 2022 104
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3.4. Thermal Storage Materials
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Packed Bed

|

Pouches

Foam and Matrix

106

Source: Climator, Swerod, PCM Products, Trevisan S, Mahadar S. T. Barz, W. Zauner



Capacity

Power Rate

Efficiency in Terms of Heat Loss
Storage Period

Operating Temperature
Physical Size

Lifetime

Number of Cycles

Monitoring and Control strategy

3.6. Thermal Storage Performance Indicators

Performance Indicators
Life Cycle Cost
Levelized Cost of Energy
Net Present Value
Life Cycle Assessment
- Carbon Footprint

- Impact on Health,
Ecosystem, Environment

Environmental, Social, Economic, Political Aspects




Example: Thermal Energy Storage for B

Horizon 2020

Heating Ventilation and Air Conditioning

Charge Discharge

HP forward

Magro- £ 3 ) 5
encapsulation : Heat distributi i
e A eat distribution
j - 7 - system: radiators
| - - . ,
T
l” Radiator
return
- L] [ ] L] L] L I

(a) (b)




Example: Thermal Energy Storage for Heating
Ventilation and Air Conditioning

Swedish
Energy Agency

Booster HP cycle

e De-superheater 5 { j
Horizon 2020

Programme |||||‘| ||||||| ||I||‘|

(c) Case 2 Charge (d) Case 3 Charge (e) Case 4 Charge

Xu TH, 2021 109




4. Future Research Focus

Material:
» Environmentally friendly and cost effective thermal storage materials

Component:
» Robust and high performing storage designs

System:
» Concept validation and demonstration
» Techno- economic optimization for system integration

Economic, social and environmental benefits are the deterministic
factors for successful implementation of energy storage systems.
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Linear economy Circular economy
Natural resources Natural resources

Non-
Renewable sErenrEhle Renewable

resource resources resource

Landfill Landfill
and incinerate and incinerate

Non-
renewable
resources

Transition towards a circular economy

Murray A, et al. 2017, Korhonen J, et al. 2018, van Buren N, et al. 2016

www.pbl.nl

Linear to Circular Economy

Maximize ecosystem functioning
and human well-being

Maximize the service produced
/...I by using cyclical materials
flows, renewable energy sources
and cascading energy flows

Creation of (techno-) economic
value, creation of social value and
value creation in terms of the
environment
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