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The future is electric 

Source: Energy Information Administration (EIA), 2008. 





Key Take Away # 1 

• It is not all about Electricity, and the 
presenter is out of his comfort zone. 
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Electricity 

Thermal 

Fuel 

Data 

Energy system integration (ESI) = the process of optimizing energy 
systems across multiple pathways and scales 
 

What is Energy Systems Integration? 





Wider Convergence  
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Energy Systems Integration 

• Major opportunities 
o Digital revolution and new integration 

technologies allow for synergistic operation 
of interdependent infrastructures 

o Greatly increase overall system efficiency 
through synergistic use of energy sources 

o Increase utilization of existing assets 

o Develop an energy system that provides 
80% electricity from clean sources by 2035 

• Major challenges  
o Need to create and energy infrastructure 

that empowers flexibility to accommodate 
clean energy  

o Energy domains (electricity, thermal, fuels, 
communications, water) not historically 
planned and operated in an integrated 
fashion 

 

 





…renewable energy integration as well as roll-out solutions for integration into intelligent 
electricity grids 
…. and integration of heating/cooling  
…  integration of CHP and micro-CHP into smart grids 
…. integration of other types of microgeneration, demand response and storage into the grid 
…innovation is needed in system integration, interoperable technologies, services, tools, co-
ordination schemes, business processes, market architectures and regulatory regimes to plan, 
build, monitor, control and safely operate end-to-end networks in an open, competitive, 
decarbonised, sustainable and climate-change resilient market, under normal and emergency 
conditions 
…integration of ICT in electricity grid systems 



Key Take Away # 2 

• It is very important, evolving & new 
 



What have we done about this ?  



IEEE Power & Energy Magazine, Sept./Oct. 2013 

M. O’Malley and B. Kroposki Guest 
Editors 

 
• Planning ESI – Jim McCalley et al., Iowa St. 

 
• Hawaii ESI – Dave Corbus, et al., NREL 

 
• EU ESI – John Holms, EASAC & Oxford 

University 
 

• Danish ESI – Peter Meibom et al., Dansk 
Energi, DTU 
 

• Tools and modeling for ESI – Juan Van Roy et 
al. KU Leuven  
 

• China ESI – Chongqing Kang et al., Tsinghua 
University 
 

O’Malley, M.J. and Kroposki B. “Energy comes together the integration of all systems”, Editorial, Special issue in Energy 
Systems Integration, IEEE Power & Energy Magazine, Vol. 11, Sept/October, pp. 18 – 23,  2013. 



Smart Homes  

Van Roy, J.; Verbruggen, B.; Driesen, J., "Ideas for Tomorrow: New Tools for 
Integrated Building and District Modeling," Power and Energy Magazine, IEEE , 
vol.11, no.5, pp.75,81, Sept. 2013. doi: 10.1109/MPE.2013.2268815 
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The Smart City 

 

  

Energy Carriers: 
• Electricity 
• Thermal 
• Liquid Fuels 
• Gas Fuels 

Energy Sources: 
• Solar, Wind, Geothermal 
• Coal, Gas 
• Engines, Fuel Cells, CHP 
• Demand Response 

Energy Uses: 
• Lighting 
• Heating/Cooling 
• Mobility 
• Communications 
• Industry 

Other Infrastructures: 
• Water 
• Communications 
• Transportation 

ESI Delivers 
• Integration technologies 
• Integrated, scalable system models 
• Data from many domains and 

infrastructures reduced to 
actionable information 

• Demonstrated solutions that deliver 
economic, reliability, and 
environmental benefits 



22 

Models tend to be in one domain  

http://www.nrel.gov/esi/esif.html 

http://www.nrel.gov/esi/esif.html


23 

We need to move beyond paper studies 
and demonstrate solutions at scale 



Planning at scale  

McCalley, J.; Jewell, W.; Mount, T.; Osborn, D.; Fleeman, J. , “A Wider Horizon”, IEEE Power and Energy Magazine, Vol. 9, 
Issue: 3, 2011 
McCalley, J.; Krishnan, V.; Gkritza, K.; Brown, R.; Mejia-Giraldo, D., "Planning for the Long Haul: Investment Strategies for 
National Energy and Transportation Infrastructures," Power and Energy Magazine, IEEE , vol.11, no.5, pp.24,35, Sept. 2013. 
doi: 10.1109/MPE.2013.2268712 



Wind Power in Ireland  
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Future Grid Test Bed 



Key Take Away # 3 

• It is international and at all scales  
 



Denmark ahead of the rest   



Forecasting of Wind and Solar Power 

Intelligent consumption 

Demand response management 

100% Renewables 

Multiple supply strings 

Dynamic tariffs 

Biomass 
 Tax rules reflecting market price 



ESI in Denmark  

Meibom, P.; Hilger, K.B.; Madsen, H.; Vinther, D., "Energy Comes Together in Denmark: The 
Key to a Future Fossil-Free Danish Power System," Power and Energy Magazine, IEEE , vol.11, 
no.5, pp.46,55, Sept. 2013.  doi: 10.1109/MPE.2013.2268751 



Top wind integration performance (2011) 

% Electricity 
from wind 
(IEA, 2011) 

% Wind 
Energy 
Curtailed  

Balancing  Notes 

Denmark 28.0  < 1 %  Interconnection, 
flexible 
generation 
(including CHP) & 
good markets 

Renewable 
target (mainly 
wind) is 50 % by 
2020 and 100%  
by 2050  

Portugal 18.0 Low  Interconnection 
to Spain, gas, 
hydro & good 
market    

Iberian 
peninsula: Spain 
& Portugal all 
well connected 
to one another 
but operate a 
single market 
MIEBEL 

Spain  16.4 < 1 % (but 
increasing due to 
excess hydro and 

low demand) 

Gas, hydro & 
good market   

Ireland  15.6  2.3 % in 2011 
 
EirGrid and SONI, 2012; 
"2011 Curtailment 
Report"   

Gas & good 
market 

Curtailment 
reduced in 2012 
to 2.1 % 



Wind curtailment estimates – US  

 2007 2008 2009 2010 2011 

Electric Reliability Council of Texas 
(ERCOT) 

109 
(1.2%) 

1,417 
(8.4%) 

3,872 
(17.1%) 

2,067 
(7.7%) 

2,622 
(8.5%) 

Southwestern Public Service Company 
(SPS) 

N/A 
0 

(0.0%) 
0 

(0.0%) 
0.9 

(0.0%) 
0.5 

(0.0%) 

Public Service Company of Colorado 
(PSCo) 

N/A 
2.5 

(0.1%) 
19.0 

(0.6%) 
81.5 

(2.2%) 
63.9 

(1.4%) 

Northern States Power Company 
(NSP) 

N/A 
25.4 

(0.8%) 
42.4 

(1.2%) 
42.6 

(1.2%) 
54.4 

(1.2%) 

Midwest Independent System Operator 
(MISO), less NSP 

N/A N/A 
250 

(2.2%) 
781 

(4.4%) 
657 

(3.0%) 

Bonneville Power Administration 
(BPA) 

N/A N/A N/A 
4.6* 

(0.1%) 
128.7* 
(1.4%) 

Total Across These Six Areas: 
109 

(1.2%) 
1,445 

(5.6%) 
4,183 

(9.6%) 
2,978 

(4.8%) 
3,526 

(4.8%) 

 

Estimated Wind Curtailment in Various Areas, in GWh  (and as a % of potential wind generation) 

Source:  Charlie Smith, UVIG & ERCOT, Xcel Energy, MISO, BPA 





West Denmark 

Wind Power & Net Power Flow 
January 2005
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Rest of Europe integrates West Danish wind   



Interconnection  

Source:  Yasuda Yoh, Kansai University, Japan   

 



Corbus, D.; Kuss, M.; Piwko, D.; Hinkle, G.; Matsuura, M.; McNeff, M.; Roose, L.; Brooks, A., "All Options on the Table: 
Energy Systems Integration on the Island of Maui," Power and Energy Magazine, IEEE , vol.11, no.5, pp.65,74, Sept. 2013 
doi: 10.1109/MPE.2013.2268814 



Continental scale integration  

EASAC, “Transforming Europe’s Electricity Supply – An Infrastructure Strategy for a Reliable,  
Renewable and Secure Power System” European Academy of Sciences Advisory Council,  May 
2009. http://www.easac.org/document.asp?id=96&pageno=&detail=5&parent 

Matthias, C. et al. Security and Sustainability of Power Supply – Benefits of HVDC & FACTS for System Interconnection and Power 
Transmission Enhancement 
http://www.ptd.siemens.de/Presentation_Security%20&%20Sustainability_PowerGrid_08-06_V%201.pdf 

http://www.easac.org/document.asp?id=96&pageno=&detail=5&parent
http://www.ptd.siemens.de/Presentation_Security & Sustainability_PowerGrid_08-06_V 1.pdf
http://www.ptd.siemens.de/Presentation_Security & Sustainability_PowerGrid_08-06_V 1.pdf
http://www.ptd.siemens.de/Presentation_Security & Sustainability_PowerGrid_08-06_V 1.pdf
http://www.ptd.siemens.de/Presentation_Security & Sustainability_PowerGrid_08-06_V 1.pdf
http://www.ptd.siemens.de/Presentation_Security & Sustainability_PowerGrid_08-06_V 1.pdf
http://www.ptd.siemens.de/Presentation_Security & Sustainability_PowerGrid_08-06_V 1.pdf
http://www.ptd.siemens.de/Presentation_Security & Sustainability_PowerGrid_08-06_V 1.pdf
http://www.ptd.siemens.de/Presentation_Security & Sustainability_PowerGrid_08-06_V 1.pdf
http://www.ptd.siemens.de/Presentation_Security & Sustainability_PowerGrid_08-06_V 1.pdf
http://www.ptd.siemens.de/Presentation_Security & Sustainability_PowerGrid_08-06_V 1.pdf
http://www.ptd.siemens.de/Presentation_Security & Sustainability_PowerGrid_08-06_V 1.pdf


CHP with District Heating in Denmark 

• Integrated combined heat and 
power  has: 
• dramatically increased 

efficiency (30 %) 
• allowed 10 % of electricity 

from biomass 
• Reduced CO2 emissions by 20 

% 
• Increasing the opportunity for 

natural gas  
 



Co optimization of heat and electricity at scale 
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Wind curtailment in China   

• In 2011 wind curtailment in China was 16.9 % that is of the wind that is connected 
to the grid i.e. approx. 75 % of the 80 GW installed. 

• May well be just a legacy issue i.e. in China as the load grows the new thermal 
plant can be made more flexible and system will be designed around the needs.  

      http://www.greentechmedia.com/articles/read/Chinas-Wind-Market-Growing-but-Challenged-by-Grid-Real 



Electric heat demand is very flexible 

• Kiviluoma, J., Meibom, P.; “Influence of wind power, plug-in electric vehicles, and heat storages on power system investments” Energy, Volume 
35, Issue 3, March 2010, Pages 1244-1255 

• Papaefthymiou, G.; Hasche, B.; Nabe, C.; , "Potential of Heat Pumps for Demand Side Management and Wind Power Integration in the German 
Electricity Market," Sustainable Energy, IEEE Transactions on , vol.3, no.4, pp.636-642, Oct. 2012 

HUB 

RF Mesh 

Multidirectional 

Home Area 

Network 

GPRS 

 IP 



Like people all systems are different 



Key Take Away # 4 & 5 

• Denmark is the world leader in ESI 
 

• Every system is different 
 



Gas Electricity Interface     



Gas/electricity  

• US gas up – CO2 down 
• Europe coal up – CO2 up  
• No joined up energy 

system thinking from a 
policy perspective 

D. Arent, M. Bazilian, P. Statwick, S. Benson, A. Brandt, L. Billman, G. Heath, J. Logan, M. Mann ”The 
U.S. Shale Experience: Toward a Comprehensive Research Agenda”, Management Report 
NREL/ MP-6A50-57977, Prepared under Task No. 6A50.1025, February 2013 



Policy failures because they are not holistic  

Mackay, M., Bird, L., Cochran, J., Milligan, M., Bazilian, M., Neuhoff, 
K., Denny, E., Dillon, J., Bialek, J. and O’Malley, M.J., “RES-E-NEXT, 
Next Generation of RES-E Policy Instruments”, IEA RETD, July 2013. 
http://iea-retd.org/wp-content/uploads/2013/07/RES-E-NEXT_IEA-
RETD_2013.pdf  

Borggrefe, F. and Neuhoff K. ”Balancing and Intraday 
Market Design: Options for Wind Integration” Deutsches 
Institut für Wirtschaftsforschung October 2011 

http://iea-retd.org/wp-content/uploads/2013/07/RES-E-NEXT_IEA-RETD_2013.pdf
http://iea-retd.org/wp-content/uploads/2013/07/RES-E-NEXT_IEA-RETD_2013.pdf
http://iea-retd.org/wp-content/uploads/2013/07/RES-E-NEXT_IEA-RETD_2013.pdf
http://iea-retd.org/wp-content/uploads/2013/07/RES-E-NEXT_IEA-RETD_2013.pdf
http://iea-retd.org/wp-content/uploads/2013/07/RES-E-NEXT_IEA-RETD_2013.pdf
http://iea-retd.org/wp-content/uploads/2013/07/RES-E-NEXT_IEA-RETD_2013.pdf
http://iea-retd.org/wp-content/uploads/2013/07/RES-E-NEXT_IEA-RETD_2013.pdf
http://iea-retd.org/wp-content/uploads/2013/07/RES-E-NEXT_IEA-RETD_2013.pdf
http://iea-retd.org/wp-content/uploads/2013/07/RES-E-NEXT_IEA-RETD_2013.pdf
http://iea-retd.org/wp-content/uploads/2013/07/RES-E-NEXT_IEA-RETD_2013.pdf
http://iea-retd.org/wp-content/uploads/2013/07/RES-E-NEXT_IEA-RETD_2013.pdf
http://iea-retd.org/wp-content/uploads/2013/07/RES-E-NEXT_IEA-RETD_2013.pdf
http://iea-retd.org/wp-content/uploads/2013/07/RES-E-NEXT_IEA-RETD_2013.pdf
http://iea-retd.org/wp-content/uploads/2013/07/RES-E-NEXT_IEA-RETD_2013.pdf
http://iea-retd.org/wp-content/uploads/2013/07/RES-E-NEXT_IEA-RETD_2013.pdf
http://iea-retd.org/wp-content/uploads/2013/07/RES-E-NEXT_IEA-RETD_2013.pdf
http://iea-retd.org/wp-content/uploads/2013/07/RES-E-NEXT_IEA-RETD_2013.pdf


More than Integrating Physical Components 

Advanced 
Technologies & 

Control  

Complex Systems 
Modeling  

Energy 
Informatics 

Lab & Demonstration 
Experiments 

Energy Informatics focuses on generating actionable information 
from data to enable energy system integration. 



Gas - Electricity - Transport Infrastructure  

McCalley, J.; Krishnan, V.; Gkritza, K.; Brown, R.; Mejia-Giraldo, D., "Planning for the Long Haul: Investment 
Strategies for National Energy and Transportation Infrastructures," Power and Energy Magazine, IEEE , 
vol.11, no.5, pp.24,35, Sept. 2013. doi: 10.1109/MPE.2013.2268712 



Optimisation models  

McCalley, J.; Krishnan, V.; Gkritza, K.; Brown, R.; Mejia-Giraldo, D., "Planning for the Long Haul: Investment 
Strategies for National Energy and Transportation Infrastructures," Power and Energy Magazine, IEEE , 
vol.11, no.5, pp.24,35, Sept. 2013. doi: 10.1109/MPE.2013.2268712 
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Models tend to be in one domain  
 

Modeling and Simulation at Multiple Temporal Scales 



Energy Hubs  

Geidl, Martin; Koeppel, G.; Favre-Perrod, P.; Klockl, B.; Andersson, G.; Frohlich, K., "Energy 
hubs for the future," Power and Energy Magazine, IEEE , vol.5, no.1, pp.24,30, Jan.-Feb. 2007.  
doi: 10.1109/MPAE.2007.264850 



Models tend to be in one domain  

http://www.nrel.gov/esi/esif.html 

http://www.nrel.gov/esi/esif.html


Business models for gas/electricity  

Source:  Jaquelin Cochran & Jeff Logan, NREL    

 



Natural Gas & Renewables: Opportunities for Synergies 

 Quantitative analysis of risks is 
needed 

 Temporal focus is important 
given long asset lifetimes 

Lee, Zinaman, Logan, Arent, Bazlian, Newmark: Electricity Journal Dec 2012 



Top wind integration performance (2011) 

% Electricity 
from wind 
(IEA, 2011) 

% Wind 
Energy 
Curtailed  

Balancing  Notes 

Denmark 28.0  < 1 %  Interconnection, 
flexible 
generation 
(including CHP) & 
good markets 

Renewable 
target (mainly 
wind) is 50 % by 
2020 and 100%  
by 2050  

Portugal 18.0 Low  Interconnection 
to Spain, gas, 
hydro & good 
market    

Iberian 
peninsula: Spain 
& Portugal all 
well connected 
to one another 
but operate a 
single market 
MIEBEL 

Spain  16.4 < 1 % (but 
increasing due to 
excess hydro and 

low demand) 

Gas, hydro & 
good market   

Ireland  15.6  2.3 % in 2011 
 
EirGrid and SONI, 2012; 
"2011 Curtailment 
Report"   

Gas & good 
market 

Curtailment 
reduced in 2012 
to 2.1 % 



Gas  

Source:  Yasuda Yoh, Kansai University, Japan   

 



Key Take Away # 6 

• ESI is about 
• Hardware, communications and control 
• Experimentation & demonstration  
• Planning & operations  
• Modelling & simulation & data 
• Policy, business models  

 



Who needs to understand ? 



ESI built on fundamental laws across may disciplines   

Laws of Thermodynamics 

 

Zeroth: "You must play the game." 

First: "You can't win." 

Second: "You can't break even." 

Third: "You can't quit the game." 

 

Maxwell  



The “Iron Law” of Climate Policy 

“When policies on emissions 
reductions collide with policies 
focused on economic growth, 
economic growth will win out 
every time.”  

 

Source:  Roger Pielke, Jr, Colorado University   



The Consumer  

 

 

“Engineers (and economists) tend to be ignorant and 
arrogant about customers” 

Source:  Janusz Bialek, Durham University 
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http://eni.ucd.ie/2013/ENI_2013_White_Paper.pdf 

http://eni.ucd.ie/2013/ENI_2013_White_Paper.pdf
http://eni.ucd.ie/2013/ENI_2013_White_Paper.pdf
http://eni.ucd.ie/2013/ENI_2013_White_Paper.pdf
http://eni.ucd.ie/2013/ENI_2013_White_Paper.pdf
http://eni.ucd.ie/2013/ENI_2013_White_Paper.pdf






Key Take Away # 7 & 8  

• The consumer is king  
 

• Education is important 
 
 



Demand (consumer) Response      

Empowering consumers through energy management techniques such as demand 
response could save $17 billion annually. 

http://www.mckinsey.com/client_service/electric_power_and_natural_gas/latest_thinking/mckinsey_on_smart_grid 

http://www.mckinsey.com/client_service/electric_power_and_natural_gas/latest_thinking/mckinsey_on_smart_grid
http://www.mckinsey.com/client_service/electric_power_and_natural_gas/latest_thinking/mckinsey_on_smart_grid


Demand Response  

 

• Control of electricity 
consumption using a price 
signal 

Step response of price 
responsive electrical demand 

Temperature response to price changes 
(heat pump driven heating system) 

Source:  Henrik Madsen & Niamh O’Connell, DTU 

Corradi, O.; Ochsenfeld, H.; Madsen, H.; Pinson, P., 
"Controlling Electricity Consumption by Forecasting its 
Response to Varying Prices," Power Systems, IEEE 
Transactions on , vol.28, no.1, pp.421,429, Feb. 2013 
doi: 10.1109/TPWRS.2012.2197027 



ERCOT Event:  Feb. 26, 2008 (3pm to 9 pm) 



Demand Response with renewables 

 

Western Wind and Solar Integration Study, NREL, GE (2010) 
http://www.uwig.org/wwsis_executive_summary.pdf 

 

High wind and solar displace thermal units leading to a shortfall in 

contingency reserves; demand response may be more cost-effective 

than committing additional units for 89 hours of the year. 

http://www.uwig.org/wwsis_executive_summary.pdf


Ma, O., N. Alkadi, P. Cappers, P Denholm, J. Dudley, S. Goli, M. Hummon, S. Kilicotte, J. MacDonald, N. Matsony, D. 
Olsen, C. Rose, M. D. Sohn, M. Starke, B. Kirby and M.J. O’Malley, “Demand Response for Ancillary Services”, IEEE 
Transactions on Smart Grid, in press, 2012. 

  



Source:  Marissa Hummon  

 

Value of demand response 



Business model 

 

 

 



Energy Informatics  

• Automatic energy labelling 

• Screening of possibilities for 
energy savings 

• Recommendations: 
– Should they replace the windows? 

– Or put more insulation on the roof? 

– Or tigthen the building? 

– Should the wall against north be 
further insulated? 

– ...... 

• Better control of the heat 
supply 

• Optimized integration of 
renewable energy 

Source:  Henrik Madsen & Niamh O’Connell, DTU 



Building efficiency and the grid  

Kroposki, B., Komomua, C. and O’Malley, M., From the Building to the 
Grid: An Energy Revolution and Modeling Challenge, National Renewable 
Energy Laboratory, Technical Paper NREL/TP-6A00-56056,  January 2013. 
http://www.nrel.gov/docs/fy13osti/56056.pdf 

http://www.nrel.gov/docs/fy13osti/56056.pdf


100 % Wind we will have to change how we live   
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Key Take Away # 9 

• Demand response is not a technology issue it is a 
business and societal issue 

 
 



Reading Material 



Kroposki, B., Garrett, B., Macmillan, S., Rice, B., Komomua, C., O’Malley, M., 
Zimmerle, D. “Energy Systems Integration, A Convergence of Ideas, National 
Renewable Energy Laboratory,  Technical Paper NREL/TP-6A00-55649,  July 2012. 
http://www.nrel.gov/docs/fy12osti/55649.pdf 

http://www.nrel.gov/docs/fy12osti/55649.pdf
http://www.nrel.gov/docs/fy12osti/55649.pdf
http://www.nrel.gov/docs/fy12osti/55649.pdf
http://www.nrel.gov/docs/fy12osti/55649.pdf
http://www.nrel.gov/docs/fy12osti/55649.pdf


Reading Material #1 
• Arent, A., M. Bazilian, P. Statwick, S. Benson, A. Brandt, L. Billman, G. Heath, J. Logan, M. Mann ”The U.S. Shale 

Experience: Toward a Comprehensive Research Agenda” Management Report NREL/ MP-6A50-57977, Prepared 
under Task No. 6A50.1025, February 2013. 

• Borggrefe, F. and Neuhoff K. ”Balancing and Intraday Market Design: Options for Wind Integration” Deutsches 
Institut für Wirtschaftsforschung October 2011 

• Chongqing Kang; Xinyu Chen; Qianyao Xu; Dongming Ren; Yuehui Huang; Qing Xia; Weisheng Wang; Changming 
Jiang; Ji Liang; Jianbo Xin; Xu Chen; Bo Peng; Kun Men; Zheng Chen; Xiaoming Jin; Hui Li; Junhui Huang, "Balance of 
Power: Toward a More Environmentally Friendly, Efficient, and Effective Integration of Energy Systems in 
China," Power and Energy Magazine, IEEE , vol.11, no.5, pp.56,64, Sept. 2013 
doi: 10.1109/MPE.2013.2268752 

• Corbus, D.; Kuss, M.; Piwko, D.; Hinkle, G.; Matsuura, M.; McNeff, M.; Roose, L.; Brooks, A., "All Options on the Table: 
Energy Systems Integration on the Island of Maui," Power and Energy Magazine, IEEE , vol.11, no.5, pp.65,74, Sept. 
2013 
doi: 10.1109/MPE.2013.2268814 

• Corradi, O.; Ochsenfeld, H.; Madsen, H.; Pinson, P., "Controlling Electricity Consumption by Forecasting its Response 
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ESI 101 Summary 

• It is not all about Electricity, and the presenter is out of his 
comfort zone. 

• It is very important, evolving & new 
• It is international and at all scales  
• Denmark is the world leader in ESI 
• Every system is different 
• ESI  is about; Hardware, communications and control; 

Experimentation & demonstration; Planning & operations;  
Modelling & simulation  & data; Policy, business models 

• The consumer is king  
• Education is important 
• Demand response Is not a technology issue it is a business and 

societal issue 
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