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Motivation

Increasing renewable energy integration creates electricity market volatility
and drives demand for system flexibility. [1, 2]
District heating and cooling (DHC) systems are well-positioned to provide
grid flexibility through electrification (heat pumps, electric boilers). [3]
However, actual flexibility provision remains limited compared to technical
potential – DHC systems are traditionally viewed as heat suppliers, not as
active grid participants. [4, 5]
Key barrier: Lack of systematic methodology to quantify, compare, and
benchmark DHC flexibility across different contexts. [6]
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Research Questions and Objective

Research Questions:
RQ1: How can a quantitative framework be designed to systematically
assess and compare the flexibility potential of DHC systems?
RQ2: What flexibility potential does the framework reveal for DHC
systems across temporal horizons and varying scenarios, and which system
characteristics prove robust versus sensitive to external conditions?

Aim and Core Objective:
Develop a quantitative KPI framework to systematically assess DHC
flexibility and support decision-making in integrated multi-energy systems.
Demonstrate the framework’s transferability and applicability through a
Norwegian case study (Trondheim, 2025–2040).
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Scope and Application

Modeling Framework:
GENeSYS-MOD[7]: Global energy system model; derived hourly
electricity prices for Norway from decarbonization pathways.
DESPO[8]: Two-stage stochastic optimization determines cost-optimal
DHC technology portfolio under uncertainty (policy variations, price
fluctuations, and climate extremes).

Case Study: Nyhavna, Trondheim, Norway
Former industrial harbor, currently no heating/cooling infrastructure;
three-phase development (2025 – 2040).
Key flexibility assets: Borehole thermal energy storage (seasonal storage
from waste incineration) + large seawater heat pump.
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Flexibility KPIs

Indicator Purpose Range
Electricity Consumption
Response (ECR)[9]

relative change in electricity consumption under
variable vs. constant prices; indicates ability for
price-responsive dispatch flexibility

– (%) a

Peak Load Adjustment
(PLA)[10]

relative change in peak electricity demand under
variable pricing; assesses peak shaving potential to
reduce grid strain

– (%) a

Operational Flexibility
Range (OFR) [8]

quantifies operational adaptability via convex hull
area of normalized electricity vs. thermal supply;
larger range indicates greater flexibility

0 – 1 (–) b

Thermal Generation Uti-
lization (TGUR) [11]

evaluates utilization of thermal generation capacity
(0 % = unused, 100 % = full load); low values =
limited downward flexibility; high values = limited
upward flexibility

0 – 100
(%) b

Storage to Peak Ratio
(SPR)[12]

relates storage energy capacity to peak demand
(hours of possible peak supply if fully charged); in-
dicates capability for temporal load shifting

0 – 3000
(h) c

Thermal Storage Utiliza-
tion Factor (TSUF)

assesses storage cycling intensity (0 % = unused,
100 % = max throughput); high values = active
load balancing; low values = underutilized

0 – 100
(%) b

a Novel indicator. b Range based on technical system constraints. c Range based on literature benchmarks
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System Performance KPIs

Indicator Purpose Range
Levelized Cost of
Thermal Energy
(LCOT)[13]

calculates break-even price per MWh for long-
term economic viability; enables cost benchmark-
ing across systems

10 – 288
(€/MWhth) c

Electrification Share
(ES)

measures share of thermal energy from electricity-
dependent technologies; high share = higher flexi-
bility potential for sector coupling

0 – 100 (%) b

Thermal Carbon
Intensity (TCI)[14]

quantifies CO2 emissions per thermal energy;
assesses environmental performance and decar-
bonization progress

30 – 120 (kg
CO2/MWhth) c

a Novel indicator. b Range based on technical system constraints. c Range based on literature benchmarks
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Base Scenario 2030 – Flexibility KPIs

Key Finding: Heating subsystem dominates operational flexibility; cooling
contributes negligibly in Norwegian climate.
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Operational Flexibility Range (OFR)

Key Finding: Convex hull visualization reveals heating’s broad operational
envelope versus cooling’s constrained operation.

Heating Cooling
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Base Scenario 2030 – System Performance KPIs

Key Finding: Heating is economically competitive, while cooling exhibits
elevated costs. High electrification enables flexibility but creates exposure to
grid conditions.
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Temporal Evolution 2025 – 2040: Flexibility

Key Finding: Heating flexibility undergoes substantial transformation, while
cooling remains stable. No peak load modulation capability throughout
planning horizon.
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Temporal Evolution 2025 – 2040: System Performance

Key Finding: Rapid electrification (2025 – 2030) drives dramatic
decarbonization of heating. Cooling maintains stable low-carbon performance
throughout.
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Key Takeaways

Heating dominates DHC flexibility, while cooling is negligible. No peak
load modulation.
Novel KPI framework shifts paradigm from thermal output to systematic
flexibility assessment.
Transferable methodology enables systematic comparison and
benchmarking of DHC configurations.
Supports flexibility-oriented DHC planning, policy development, and grid
integration.
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Cross-Scenario Comparison: Flexibility

Key Finding: Flexibility indicators reveal remarkable stability across all
scenarios. Minimal variation despite substantial differences in market prices,
climate conditions, and policy frameworks.
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Cross-Scenario Comparison: System Performance

Key Finding: Economic performance varies substantially (LCOT: 15–24%
variation between scenarios), while electrification and emissions remain stable,
being structurally determined rather than policy responsive.
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Installed capacities
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