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PART I 

DEFINING FLEXIBILITY 



Motivation 

Flexible district energy exists. But not all over. 
 
“If something exists, then it must be possible” 
- Boulding’s first law 
 
Finding out why: Barriers for integration of 
variable renewable energy with DE systems 



DISTRICT ENERGY = DISTRICT 
HEATING + COOLING + (ELEC.) 



PRACTICE: DE can operate on 
market 

 

Figure: http://www.emd.dk/desire/hvidesande/ 



PRACTICE: DE can integrate 
renewables 

 

Figures: http://www.emd.dk/desire/hvidesande/ and https://www.energidataservice.dk 
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PART II 

DEFINING A TAXONOMY FOR BARRIERS 



Barrier characteristics 

Technologies Project life cycle Decision-level Barrier/driver 

Heat-only boiler 
Heat pump 
Electric boiler 
CHP 
Heat storage 

Requirements 
specification 
Scoping/pre-feasibility 
Investment and 
financing 
Tendering 
Construction 
Operation 
Post operation/ 
Decommissioning 

Technology suppliers 
and consultants 
Plant 
Local 
Regional 
National 
International 

Barriers can also be 
drivers under certain 
conditions. 



Barrier categories 

Barrier category Barrier sub-category References 
Economic Financing and technology risk 

Investment subsidies 
[1-15,17-22] 

Operational 
signalling 

Taxes 
Operation subsidies 
Electricity grid tariffs and utility rates 
Energy markets 

[1-17] 

Permitting  Technology bans and mandates 
Permitting process 

[1-4,7,8,11,12, 
14,21,23] 

Technological  Adjustability, ramping and lead time 
Cost and technological maturity 

[2,4,7,9,10,16, 
20,21,23,24] 

Physical Access to energy sources 
Access to infrastructure 

[2,4-7,10,12,19, 
21,25] 

Bounded  
rationality 

Institutional bounded rationality 
Human bounded rationality 

[1,2,22,23,4,7,10, 
11,13,16,19,20] 

Commitment Institutional commitment 
Human commitment 

[1,4,6,7,11–13,20–
23] 



Combined: Taxonomy 

Barrier 
category 

Barrier 
sub-
category 

Barrier 
name 

Under which 
conditions is 
it a barrier? 

Which 
technologies 
are 
affected? 

Where in 
the project 
life cycle is 
the impact? 

Which 
decision-
level does 
the barrier 
stem from? 

Economic             
Operational 
signalling 

            

Permitting              
Technological              
Physical             
Bounded  
rationality 
Commitment 



PART III 

APPLYING THE TAXONOMY FOR BARRIERS  
ON US DE SYSTEMS 



Heat delivery (2014) and 
deployment 

 

https://www.districtenergy.org/resources/re
sources/system-maps 
 
S. Werner, International review of district 
heating and cooling, Energy. 137 (2017) 617–
631. doi:10.1016/j.energy.2017.04.045. 



District energy in the Northeast 

10 universities – 100+ years DE systems 
- Green policies 
4 experts 
2 ISO/RTO 



BARRIERS IDENTIFIED IN 10 US 
UNIVERSITY DE SYSTEMS 

Conditions in the DE-electricity interface Sub-category Barrier name 
Technology 
type Project life cycle Level of origin 

Operational signalling Electricity grid tariffs and utility rates Signals limited by utility rate structure CHP and P2H Operation phase Regional 
- - Prices too low to incentivise flexibility All Operation phase Regional 
- Energy markets Access to markets important CHP and P2H Operation phase Regional 

Economy Financing and technology risk 

Limited ability to self-finance due to lack of 
understanding from rating agencies All Investment and 

financing phase 

Service and 
technology 
providers 

- - Limited funds All Investment and 
financing phase 

In plant/on 
premises 

Permitting Other regulatory conditions 
Transition from attractive to less attractive 

regulatory regime CHP and P2H Operation phase National 

Technology Cost and technological maturity 
Hot water conversion limited by cost Thermal storage Tendering phase 

Service and 
technology 
providers 

Physical Land availability Limited land available for thermal storage Thermal storage Planning phase In plant/on 
premises 

Stakeholder bounded rationality Institutional bounded rationality 
Hot water conversion constrained by 

limited information Thermal storage Feasibility study 
phase/Scoping phase 

In plant/on 
premises 

- - Limited understanding of benefits of 
flexibility All Operation phase In plant/on 

premises 

Stakeholder commitment Institutional commitment Buying indulgences instead of local action All Operation phase In plant/on 
premises 

- - Humans in the electricity 
consumption/production loop for security CHP and P2H Operation phase In plant/on 

premises 

- - Humans in the loop for optimal operation CHP and P2H Operation phase In plant/on 
premises 

- Individual commitment Lacking sense of need CHP and P2H Operation phase In plant/on 
premises 



Operational 
signalling 

Electricity grid 
tariffs and utility 
rates 

Signals limited by 
utility rate structure 

CHP and 
P2H 

Operation 
phase Regional 

- - Prices too low to 
incentivise flexibility All Operation 

phase Regional 

- 
Energy markets 

Access to markets 
important 

CHP and 
P2H 

Operation 
phase Regional 

Economy 
Financing and 
technology risk 

Limited ability to self-
finance due to lack of 
understanding from 

rating agencies 

All 

Investment 
and 

financing 
phase 

Service and 
technology 
providers 

- - Limited funds All 

Investment 
and 

financing 
phase 

In plant/on 
premises 

 
  

 

  
   

  
 

  
 

 
  

 

  
 

 

   
   

 
 

 
 

  
 

 

   

  
   

 

 
 

 
 

  
 

 
 

 
 

  

   
  

  

 
 

 
 

  

  
 

  
 

  
   

  
 

  
 

 
 

 
 

  
   

 
  

 
  

 

  

   
 

    

  
 

 
 

  
 

      
   

  
 

 
 

  
 

  
 

   
 

  
 

 
 

  
 

BARRIERS IDENTIFIED IN 10 US 
UNIVERSITY DE SYSTEMS 

Conditions in the 
DE-electricity 
interface Sub-category Barrier name 

Technology 
type 

Project life 
cycle 

Level of 
origin 



Operational 
signalling 

Electricity grid 
tariffs and utility 
rates 

Signals limited by 
utility rate structure 

CHP and 
P2H 

Operation 
phase Regional 

- - Prices too low to 
incentivise flexibility All Operation 

phase Regional 

- 
Energy markets 

Access to markets 
important 

CHP and 
P2H 

Operation 
phase Regional 

Economy 
Financing and 
technology risk 

Limited ability to self-
finance due to lack of 
understanding from 

rating agencies 

All 

Investment 
and 

financing 
phase 

Service and 
technology 
providers 

- - Limited funds All 

Investment 
and 

financing 
phase 

In plant/on 
premises 

Permitting 
Other regulatory 
conditions 

Transition from 
attractive to less 

attractive regulatory 
regime 

CHP and 
P2H 

Operation 
phase National 

 

Cost and 
 

 

Hot water conversion 
limited by cost 

Thermal 
storage 

Tendering 
phase 

Service and 
technology 

 

   

  
   

 

 
 

 
 

  
 

 
 

 
 

  

   
  

  

 
 

 
 

  

  
 

  
 

  
   

  
 

  
 

 
 

 
 

  
   

 
  

 
  

 

  

   
 

    

  
 

 
 

  
 

      
   

  
 

 
 

  
 

  
 

   
 

  
 

 
 

  
 

BARRIERS IDENTIFIED IN 10 US 
UNIVERSITY DE SYSTEMS 

Conditions in the 
DE-electricity 
interface Sub-category Barrier name 

Technology 
type 

Project life 
cycle 

Level of 
origin 
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technology 
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- - Limited funds All 

Investment 
and 

financing 
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In plant/on 
premises 

Permitting 
Other regulatory 
conditions 

Transition from 
attractive to less 

attractive regulatory 
regime 

CHP and 
P2H 

Operation 
phase National 

Technology 

Cost and 
technological 
maturity 

Hot water conversion 
limited by cost 

Thermal 
storage 

Tendering 
phase 

Service and 
technology 
providers 

Physical Land availability 

Limited land 
available for thermal 

storage 

Thermal 
storage 

Planning 
phase 

In plant/on 
premises 

Stakeholder 
bounded 
rationality 

Institutional 
bounded rationality 

Hot water conversion 
constrained by 

limited information 

Thermal 
storage 

Feasibility 
study 

phase/Scop
ing phase 

In plant/on 
premises 
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BARRIERS IDENTIFIED IN 10 US 
UNIVERSITY DE SYSTEMS 

Conditions in the 
DE-electricity 
interface Sub-category Barrier name 

Technology 
type 

Project life 
cycle 

Level of 
origin 

TAX! 
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In plant/on 
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Permitting 
Other regulatory 
conditions 

Transition from 
attractive to less 

attractive regulatory 
regime 

CHP and 
P2H 

Operation 
phase National 

Technology 

Cost and 
technological 
maturity 

Hot water conversion 
limited by cost 

Thermal 
storage 

Tendering 
phase 

Service and 
technology 
providers 

Physical Land availability 

Limited land 
available for thermal 

storage 

Thermal 
storage 

Planning 
phase 

In plant/on 
premises 

Stakeholder 
bounded 
rationality 

Institutional 
bounded rationality 

Hot water conversion 
constrained by 

limited information 

Thermal 
storage 

Feasibility 
study 

phase/Scop
ing phase 

In plant/on 
premises 

- - 
Limited 

understanding of 
benefits of flexibility 

All Operation 
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Stakeholder 
 

Institutional 
 

Buying indulgences 
instead of local 

 
All Operation 

 
In plant/on 

 

  

   
 

    

  
 

 
 

  
 

      
   

  
 

 
 

  
 

  
 

   
 

  
 

 
 

  
 

BARRIERS IDENTIFIED IN 10 US 
UNIVERSITY DE SYSTEMS 

Conditions in the 
DE-electricity 
interface Sub-category Barrier name 

Technology 
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Project life 
cycle 
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Permitting 
Other regulatory 
conditions 

  
   

attractive regulatory 
regime 

  
P2H 

 
phase  

Technology 

Cost and 
technological 
maturity 

Hot water conversion 
limited by cost 

Thermal 
storage 

Tendering 
phase 

Service and 
technology 
providers 

Physical Land availability 

Limited land 
available for thermal 

storage 

Thermal 
storage 

Planning 
phase 

In plant/on 
premises 

Stakeholder 
bounded 
rationality 

Institutional 
bounded rationality 

Hot water conversion 
constrained by 
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Thermal 
storage 

Feasibility 
study 

phase/Scop
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In plant/on 
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understanding of 
benefits of flexibility 

All Operation 
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Stakeholder 
commitment 

Institutional 
commitment 

Buying indulgences 
instead of local 

action 
All Operation 

phase 
In plant/on 
premises 

- - 

Humans in the 
electricity 

consumption/produc
tion loop for security 

CHP and 
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Operation 
phase 

In plant/on 
premises 

      
   

  
 

 
 

  
 

  
 

   
 

  
 

 
 

  
 

BARRIERS IDENTIFIED IN 10 US 
UNIVERSITY DE SYSTEMS 

Conditions in the 
DE-electricity 
interface Sub-category Barrier name 

Technology 
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Project life 
cycle 

Level of 
origin 
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UNIVERSITY DE SYSTEMS 

Conditions in the 
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Operation 
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BARRIERS IDENTIFIED IN 10 US 
UNIVERSITY DE SYSTEMS 

Conditions in the 
DE-electricity 
interface Sub-category Barrier name 

Technology 
type 

Project life 
cycle 

Level of 
origin 



PART IV 

CONCLUDING REMARKS 



Testing the taxonomy on US DE 

Robust taxonomy: Caught most; few new 
…but never finished 



Getting more flexible US DE 

Plants’ priorities: Safe, cheap, green 
 

Give them 
• Signals and incentives – markets/tariffs 
• Water – thermal storages important 
• Information – costs, opportunities, technologies 



www.Flex4RES.org 
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THEORY: How can DE integrate 
renewables/operate on market? 

 

Figure: http://www.nordicenergy.org/wp-content/uploads/2016/10/Flex4RES-WP2-DH-report.pdf  



DE does not fit in traditional 
flexibility definition 

Demand-side 
integration 

(P2H) 

Dispatchable 
generation 

(CHP) 

Storage 
(Heat storage) 

Grid 
infrastructure 

As defined in IEA. The power of transformation. Paris: IEA; 2014. doi:10.1007/BF01532548. 
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EXTRA: Why capacity tariffs can 
be bad for flexibility 

12 000 EUR x 10 MW = 120 000 EUR 

10 MW x 3 hours = 30 MWh 

120 000 EUR/30 MWh = 4 000 EUR/MWh 

Standard house 18 MWh/year = 72 000 EUR/year 

Example: 10 MW electric boiler, which pays  
to dispatch when electricity spot price  
is 7 EUR/MWh 

Completely 
infeasible to 

operate! For comparison 



Results: CHP + electric boiler 
depends on subsidies 

 

 -128  

 -91   -81  

 -42  
 -60  

 -3  

 -93  

 -25  

 -150

 -100

 -50

 -

 50

 100
No storage Storage No storage Storage No storage Storage No storage Storage

Denmark Finland Norway Sweden

EU
R/

M
W

h 
LC

O
H 

CO2 tax oil boiler El sale bio CHP Energy tariff electric boiler

Energy tax electric boiler Energy tax oil Fixed O&M

Fuel cost oil Fuel cost wood chips Green certificates

Investments Subsidy on bio CHP heat prod Electricity bought

Variable O&M LCOH

No subsidies = 
high LCOH & 

vice versa 



Results: Danish framework 
hampers investment in flexibility 

Technology setup Grid tariff type Storage DK FI NO SE 
Wood chip CHP + wood boiler 
Wood chip CHP + wood boiler 
Wood chip CHP + EB 

Capacity charge 
Wood chip CHP + EB 
Wood chip CHP + EB 

Energy charge 
Wood chip CHP + EB 
Wood chip boiler 
Wood chip boiler 
Wood chip boiler + EB 

Capacity charge 
Wood chip boiler + EB 
Wood chip boiler + EB 

Energy charge 
Wood chip boiler + EB 

-97 -54 -16 -36 
-108 -79 -51 -73 
-91 -46 -11 -29 

-128 -83 -62 -95 
-91 -42 -3 -25 

-128 -81 -60 -93 
-73 -71 -62 -69 
-86 -76 -69 -79 
-99 -93 -77 -95 

-104 -93 -77 -99 
-99 -89 -71 -91 

-104 -90 -76 -95 
 

LCOH: Production cost of heat, before revenue from consumers 



DH plants – which are flexible? 
EUR/MWh heat 

EUR/MWh elec. 

CHP 

Natural gas boiler 

PAST 

  



DH plants – which are flexible? 
EUR/MWh heat 

EUR/MWh elec. 

CHP 

Natural gas boiler 

PRESENT 

Electric boiler 



DH plants – which are flexible? 
EUR/MWh heat 

EUR/MWh elec. 

CHP 

   

FUTURE? 

Electric boiler 



DH plants – which are flexible? 
EUR/MWh heat 

EUR/MWh elec. 

 

Natural gas boiler 

Electric boiler 

FUTURE? 



DH plants – which are flexible? 
EUR/MWh heat 

EUR/MWh elec. 

 

Natural gas boiler 

Heat pump 
  

FUTURE? 



DH plants – which are flexible? 
EUR/MWh heat 

EUR/MWh elec. 

 

   

  
Biomass boiler 

FUTURE? 



Environmental dispatch 
CO2/MWh heat 

CO2/MWh elec. 

CHP 

Natural gas boiler 

Heat pump 

Biomass boiler 

Order will vary! 



THEORY: What is a flexible DE 
system? 
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