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ABSTRACT: The present topic approaches energy systems, building and urban design in an 
integrated path. The objective of the project was to develop a methodology for balanced assessment 
of energy systems, considering two main pillars: Energy Usage and Energy Supply. Load 
management, cost, and environmental impact are analysed in order to identify a better overall 
performance, by the combination of initiatives in both sides. The research includes, in the energy 
usage side, design and management strategies for energy efficiency in residential and commercial 
buildings, and in urban planning as well. In the energy supply side, it includes decentralised systems 
in building scale, and centralised systems in neighbourhood and city scale. Electricity, space heating, 
and space cooling are considered. A quantitative assessment module and graphical interfaces were 
developed to support project development and decision-making, and demonstrate advantages of 
integrated approaches. A study-case was performed, corresponding to a master plan for urban 
development of the city of Miyun, in China, supposed to be a model of sustainable development. The 
project strongly emphasizes the need for relationship of dependent variables included in the design 
and management of city, building and energy systems, aiming to contribute to a more mature 
approach towards sustainability. 
 
Keywords: energy, integrated approach, model, sustainable cities and buildings  

 
 
1. INTRODUCTION 
 

The present work was developed as a Master of 
Science thesis for the Sustainable Energy 
Engineering Program 2003-2004, Department of 
Energy Technology of the Royal Institute of 
Technology, Stockholm, Sweden, supported by 
STINT – The Swedish Foundation for International 
Cooperation in Research and Higher Education. The 
research aims to motivate and support a more 
integrated approach on energy systems, carried as an 
effort towards Sustainable Development, according to 
Brundtland Report [7], considering that energy 
conversion and usage are among the most 
aggressive human activities to the environment and 
need to be proper handled. The purpose is to 
enhance systems efficiency, while incorporating lower 
environmental impact solutions at lower overall costs, 
thus favouring long-term solutions. The research 
includes the development of a model, dedicated to 
orient project designers and decision-makers, in 
consultancies, research institutions and governmental 
parties, to consider and analyse a plenty of aspects, 
identifying the most promising partial solutions when 
the whole proposal is taken into account. 

 
 

 
 

2. A BALANCED ASSESSMENT MODEL OF 
ENERGY SYSTEMS 
 
2.1 Main concepts 

The proposed methodology was developed with 
the objective of supporting the comparison and the 
integration of strategies for efficient energy usage and 
efficient energy supply, searching for an overall 
optimum combination.  

As main concept, the Energy System is 
considered in this research as a combination of hard 
and soft components, including resources, 
technologies, processes, behaviour and policies. It 
can be divided into two inter-connected subsystems, 
an Energy Usage and an Energy Supply, linked to the 
Energy Resources, as it is summarized by the 
scheme below: 

 
Figure 1: Representation of the concept of energy 
system considered in the research 
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The Energy Usage system is a complex of 
technologies and processes in which energy is 
converted and distributed for final use, as the power 
plants and the distribution network. The Energy 
Usage system is a complex of technologies and 
processes in which energy is directly used, as the 
buildings. The efficiency of both subsystems can be 
improved by a proper interaction with the resources 
subsystem, and by internal improvements in 
equipment performance and operational processes. 
The question is how much each side should be 
optimized for a defined context, in a sense that the 
overall energy system is balanced in terms of 
environmental and cost effectiveness. 

The integrated approach is not commonly used, 
and often definitions regarding energy systems as a 
whole just include to the energy supply system, which 
should be designed to meet the built environment. 
The Energy Usage system is usually defined as 
Demand-Side Management (DSM), corresponding to 
the load management in buildings, involving climate 
factors, the building envelope and services, user 
behaviour etc [1]. 
 
2.2 Scope 

The balanced assessment exercise, in principle, 
could be applied to all scales of energy systems, from 
the buildings scale to neighbourhood, city, region, 
country, and worldwide. Thus, it was found relevant to 
focus on the built environment and the residential and 
commercial buildings as energy users, and in energy 
supply systems in building, neighbourhood (district), 
and city scale, electricity, space heating and space 
cooling demands. The energy demand refers to the 
base load, in both annual and daily distribution. 

A life-cycle approach was chosen focusing on the 
operational phase rather than in the production and 
construction phase, due to the fact that energy use 
breaks down to at least 85% during occupancy and 
use phase1. As a main indicator of environmental 
impact CO2 emissions was chosen, in order to 
emphasize the need to both decrease Climate 
Change and no-renewable resources depletion by 
reducing the utilization of fossil fuel based systems. 

The main strategies considered in the Energy 
Usage side correspond, in city scale, to “Smart Urban 
Design” (layout and geographical orientation, urban 
canyon, external surface materials and colours, and 
green areas). In building scale, they include: 1) Smart 
design for daylighting, passive solar heating and 
control of solar heat gains; 2) Insulation, efficient 
glazing system, air tightness, and ventilation heat 
recovery; 3) Movable insulation and intra-glazing 
shading device; 4) Enhancement of daylighting; 5) 
Natural ventilation for air supply and cooling; 6) 
External shading devices; 7) Efficient artificial lighting; 
8) Efficient electrical appliances; 9) Efficient building 
service systems; 10) Building management systems. 

The Energy Supply system technologies for 
independent energy conversion to electricity, heating 
or cooling, and the ones for combined heat and power 
(CHP), heat and cooling (CHC) or combined heat, 
power and cooling (CHPC). In the first group are 
included photovoltaic systems, solar thermal, wind 
energy, hydropower, geothermal heat and in the 

latter, heat pumps, thermal power plants, fuel cells 
and absorption chillers. District heating and district 
cooling were also considered. 

For all the initiatives a group of technical aspects 
were researched to quantify and improve 
performance, according to availability of resources, 
thermodynamic principles, building design limitations, 
plants capacities and operation constraints.  Cost and 
CO2 emissions values were also identified, and 
considering the general approach of the first version, 
international references were used. 
 
2.3 The model structure 

The proposed structure and procedure for 
quantification, comparison, analysis and visualisation 
correspond to the core of the research. The balanced 
assessment model was organized in three main 
sequential phases: 1) Quantitative analysis of 
technical aspects; 2) Visualization of the 
recommendations of the quantitative study; 3) 
Integration of the technical recommendations and soft 
(context) elements. 
 
2.3.1 Quantitative Assessment Module 

The first phase is based on a structure designed 
to organise the strategies of energy usage and 
energy supply sides, including the technical 
background included in the scope.  

 
Figure 2: Balanced assessment model: quantitative 
assessment module 
 

The quantitative assessment module is composed 
by three steps: a data-entry, a processing module and 
a results output, as it is presented by Figure 2. In the 
first one, project requirements and relevant 
characteristics should be input in such structure. In 
the data-processing module, possibilities for energy 
savings and energy supply will be identified and 
matched, in order to attend a defined energy demand. 
Finally, for each improvement in the energy usage 
system, the marginal cost is added to the cost of the 
remaining supply system, forming a cost for the whole 
system. At the same time, improvements in the 
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energy usage side can decrease total CO2 emissions, 
if a fossil-fuel supply system is under consideration. 
he total cost together with the overall resulting 
environmental impact are the final references in this 
quantitative study, used to identify the optimum level 
of improvement in energy usage system for a certain 
energy supply system. The quantitative assessment 
is supported by a computerized system based on a 
sequence of Excel datasheets, developed specifically 
for the proposed methodology, as it is exemplified in 
Figure 2. 

 
2.2.2 The visualization of the balanced assessment 

The second phase included the development of 
an interface which could graphically and clearly show 
the strategies included in each proposal, as well as 
the optimum match between the energy usage and 
energy supply systems, in light of a reference case.  

To represent the group of initiatives contained in 
each proposal, a flowchart scheme was adopted. It is 
composed by three main columns, representing the 
energy demand, the energy usage and the energy 
supply alternatives included in the technical database, 
linked by lines with a different colour for each 
proposal. It is a visual qualitative indicator of the 
development of the proposal. 

However, the most relevant task was to identify an 
interface capable to summarize the relevant results of 
the quantitative assessment in an integrated way. 
Furthermore, the final graphical should indicate a 
tendency by a sign, which could be recognized as a 
certain level of performance or balancing point, even 
when different projects are simulated, as a 
benchmarking tool.  

 
Solar Energy based system 
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Figure 3: The visualization of the results: the radar 
chart 
 

The radar chart was found the most relevant 
representation, indicating visible concentrations of 
strengths and weaknesses, and an overall 
performance, as the example in figure 3 shows. There 
is a right-left basic division between the energy usage 
(left) and the energy supply (right) sides. There is also 
a concentration of technical-related results – energy 
savings, remaining energy load and total CO2 
emissions in the north (top) hemisphere, and cost-
related results – cost for energy savings, energy 
supply and total cost, in the south hemisphere. 

The organization allows some controlling analysis 
involving opposite variables. A rating method permits 

uniform scaling of all different variable included. The 
radar chart can receive several curves from different 
types of integration between energy usage and 
energy supply, and demonstrate graphically the most 
promising solutions according to the criteria plotted in 
the axes. The radar charts combined with the 
flowchart composes the complete interface to 
visualize the quantitative assessment results, as 
Figure 4 illustrates. 

Figure 4: Complete scheme for visualization of the 
quantitative assessment results 
 
2.2.3 Proposal appraisal 

In the proposal appraisal phase, the results of the 
quantitative assessment are faced with scenario 
conditions. The method is based on the definition of 
relevant limiting aspects for each of the results from 
the quantitative study, which should be defined in 
combination with stakeholders and representatives of 
the project area. Such context factors were also 
organized in radar charts, plotted in the respective 
position of their controlled result, to allow direct 
comparison, as Figure 5 illustrates. 

Figure 5: Correlation of variables of the quantitative 
assessment results and scenario conditions 
 

Some aspects were selected as relevant for the 
context evaluation, including life style, CO2 emissions 
targets, availability of energy resources, investments 
in energy savings and energy supply and total 
investment available. These aspects are by 
themselves a vast field of research, which penetrates 
economics, public and private management, social 
and political sciences. However, it was found relevant 
to sketch a possible direction of how they could be 
included and analysed in the present assessment 
model. 

Finally, a diagram grouping the proposals in the 
first line and different scenarios in the first column 
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creates a matrix for comparison and negotiation of the 
optimum solution, as it is showed by Figure 6. If a 
desirable level of integration is not achieved then new 
quantitative simulations can be performed, 
incorporating some primary requirements. And the 
process is repeated until a balancing point is 
approved and then pertinent directions can be 
delivered to the specific areas involved, according to 
an overall optimum performance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Scheme to orient proposal appraisal 
 
 
3. STUDY-CASE: MIYUN EXPANSION 
MASTER PLAN, CHINA 
 

China currently faces the challenge to base its fast 
economic development into sustainable principles. At 
the same time that the traditional energy system 
supported by fossil fuels and polluting processes still 
strongly remains as one of the biggest in the world [3], 
China government is aware about the need of 
diversification of the national energy matrix, as well as 
adopting more efficient and green energy systems. In 
this sense, the energy balance assessment applied to 
China context seems to be extremely worth, 
considering that both energy usage and energy 
supply sides need improvements and investments.  

Energy market for heating is being re-structured 
and there is a strong aim for energy efficiency 
initiatives and clean energy technologies and 
resources. The study-case corresponds to a real 
Chinese planned intervention in the region of Miyun, 
North of Beijing, required and conceived to be a 
prototype of sustainable development in that country. 
It opens opportunities of innovative solutions, in urban 
planning, energy, water and waste management, 
defining an attractive case to test the proposed 
model. 

 
3.1 Project agenda 

Miyun is located 100 km North of Beijing in the 
Severe Cold region in China, and the Miyun Urban 
Development Plan should attend 160,000 inhabitants. 
It involves a complete scope of building, urban design 
and infra-structure, with about 7.1 million of square 
meters of built area, as defined by Beijing Rising 
Century Real State Co. Ltd. and William McDonough 
[8]. 

Project data for residential and commercial 
buildings, local climate conditions, building standards 

and patterns of energy usage were taken as 
reference to calculate the energy demand for single 
buildings, neighbourhoods and the entire city, for 
summer and winter conditions. Electricity demand 
was adopted as an average of 34/135 kWh/m2, while 
heating and cooling demand corresponded in average 
to 311/272 kWh/m2 year and 29/46 kWh/m2 year, 
respectively for residential/commercial buildings.  

Basing on literature review, all energy resources 
were considered available as a starting condition, for 
building, neighbourhood and city scale, in the energy 
usage and energy supply sides, and international 
references for cost and emissions were adopted.  
 
3.2 Results 
3.2.1 Miyun study-case: quantitative assessment 

Several simulations were performed including 
different strategies to enhance energy efficiency in 
buildings, forming proposals with ten different levels 
of improvement in the energy usage system and the 
related marginal cost, as it is shown by the charts in 
Figure 7.  
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Figure 7: Miyun study-case – Efficiency 
improvements for in the energy usage system 
 

By the simulations, it was possible to verify the 
large potential of energy savings by smart design, as 
orientation and shape definition to maximize 
daylighting, passive solar heating, and natural 
ventilation. Light colour roof also contributes 
significantly to decrease cooling need. Finally, 
improvements in the thermal performance of the 
building envelope, regarding insulation, air tightness 
and windows correspond to the most efficient 
solutions to decrease heating demand. Distributing 
the marginal cost for improvement in a life cycle of 20 
years, for example, the building envelope would 
require, for example, an average of 0.027 USD per 
kWh saved, for commercial buildings, which is much 
less than 0.08 USD per kWh supplied in cheaper 
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electricity services [4] or 0.13 USD per kWh supplied 
[5] in the case of China. 

The solutions for improvement in buildings were 
then integrated with alternatives in the energy supply 
system, in order to solve the remaining load. Several 
strategies were considered, including both renewable 
and zero-emitting systems, as photovoltaic, solar 
thermal and wind power systems, biomass and 
biogas CHP plants as well, and lower environmental 
impact solutions, as the natural gas CHP/ fuel cell 
systems and geothermal plants. Building 
(decentralized) and neighbourhood and city scale 
(centralised) were included.  

For each of the 33 supply systems selected, it was 
possible to identify in the datasheets, which level of 
improvement could present lower total costs and 
environmental impact. Despite the fact different 
systems were simulated, two types of improvement in 
buildings were identified as the optimum ones: 
• Level 4 was the optimum for almost all systems, 
with exception basically of the solar systems, which is 
composed by smart design, building geometry L/W 
2:1, envelope intermediate thermal performance 
improvement, passive solar heating, light colour roof, 
natural ventilation, external shading devices and 
efficient electrical and artificial lighting appliances; 
• Level 6 was selected for the complete solar 
systems based on photovoltaic and solar thermal, and 
the most expensive building scale thermal processes, 
as low CO2 emitting natural gas fuel cell and Stirling 
engine. The specifications are almost the same as in 
level 4, with the addition of advanced lightshelves for 
commercial buildings to enhancement of daylighting, 
and inclusion of more efficient lamps in residential 
sector. Both measures decrease electricity demand 
and reduce the installed capacity of supply 
technologies and the final cost. 

Finally, comparing the different resulting energy 
systems, it is possible to verify that the most cost-
effective solution is still the one based on coal. 
However, the cost difference with CHP biomass plant, 
anaerobic digester or landfill gases, or even hydro 
power is just about 3 to 10% more for these systems, 
with zero CO2 emissions associated. 
 
3.2.2 Miyun study-case: the visualization of the 
balanced assessment 

Plotting the results of the quantitative study 
according to the model rating method, radar charts 
were built and combined with flowchart, completing 
the visualization scheme to facilitate decision-making. 

Focusing on the resulting radar charts, it was 
possible to verify that “green systems”, or no-polluting 
systems, have a type of shape which tends to be 
thinner in the vertical axis and longer towards the 
energy savings axis, as systems based on solar 
energy, wind, hydro, biomass, and biogases. In 
contrast, alternatives with a certain amount of CO2 
emissions tend to have a square shape, towards the 
vertical axis, with a more representative area in the 
graph. It is associated with coal and natural gas 
systems. There are intermediate forms among these 
two cases, represented by the combination of clean 
systems for power generation, and geothermal heat 
or heat pumps for heating and cooling purposes. A 

special shape refers to the case of “solar systems”, 
represented by PV in building scale, and parabolic 
through concentrators in urban scale and solar 
thermal and absorption equipments. It indicates that 
even with energy savings initiatives, the energy 
technology is still very expensive, when compared 
with the other proposals. The differences can be 
verified in the options below. 

Besides, it was observed that the optimum 
combinations include predominance of initiatives for 
energy savings over those related to energy supply, 
which is emphasized by the upper left axis in the 
radar chart and biomass-based plants, hydro and 
wind systems can be considered in a “developed” 
condition when compared to the complete “solar 
systems”, due to the lower initial costs. 

Considering these aspects, it is possible to 
conclude that a possible benchmarking radar chart for 
this model would have a small area (the smaller, the 
better), with short distance in the vertical axis (CO2 
emissions - total cost), and a similar share of 
investments between the energy usage and the 
energy supply sides. Lower costs with no or low 
environmental impact would form an ideal situation for 
economic and environmental targets, while a uniform 
distribution between energy usage and energy supply 
would be favourable to involve stakeholders related to 
both sides, as well as motivate their market 
development. The energy savings and the energy 
supply axis just indicate if there is a predominance of 
initiatives or equilibrium between both sides. 

 
Coal combined heat and power system 

 
Biomass combined heat and power system  

 
Figure 8: The visualization of the results: the radar 
chart 
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In Figure 8, the simple lines mean the initial case 
without any improvement in the efficiency of buildings. 
Analysing the evolution of the systems from this initial 
condition to the optimum point (coloured areas), it is 
possible to verify that in the case of systems entirely 
based on solar energy, efforts on “total cost”, “cost of 
energy supply system” and “energy supply” are 
transferred to the “energy savings” initiatives, 
resulting in a overall less expensive system, as it is 
clearly shown in the figure. Other completely clean 
renewable energy systems, such as wind or hydro 
power, combined with solar thermal, present basically 
a change in the direction of initiatives from the supply 
to the energy usage side, resulting in a more uniform 
distribution of costs and also lower total cost. Finally, 
systems with the highest indexes of emissions had a 
long straight shape towards the limit of CO2 
emissions. The evolution of this type of system 
showed that, by improving the energy usage system, 
lower emission rate is achieved, as the optimum 
combination shape shows. However, these systems 
cannot be completed clean, which in terms of visual 
representation mean that the “square” form will not be 
able to get as small and thin as the shapes of clean 
systems. 

 
3.2.3 Miyun study-case: proposal appraisal 
To proceed with the analysis of the quantitative 
assessment results in light of scenarios conditions for 
Miyun, assumptions were made regarding living 
standards, availability of resources, CO2 targets and 
market tendencies of investment, basing on literature 
review. It was considered a general poor level of 
commitment with energy saving initiatives (life style), 
due to the local tradition, sufficient energy resources, 
as well as an equilibrium of market investments in 
energy usage and energy supply initiatives, basing on 
current Chinese market and government interests.  
Taking into account high environmental targets, as it 
is expected for Miyun intervention, if was found more 
appropriate the solution based on Biomass CHP, 
combined with Level 4 of improvement in buildings, 
due to the possibility of implementation a totally clean 
energy system in a competitive condition (among 
those alternatives with 3 to 10% higher costs when 
compared to the traditional CHP coal). Other 
possibilities refer to the hydro power or wind energy 
combined with solar thermal plus level 4 of 
improvement, however these options need specific 
site conditions.   
Following this path, and analyzing the contextual 
aspects, all the solutions were then ranked, and 
plotted in the final scheme for proposal appraisal. 
Obviously, the analysis did not finish the present 
discussion and could be surely enriched with an real 
decision-making exercise, counting with the 
participation of stakeholders, project developers and 
interested parties involved in this project.  
 
 
4. FINAL CONSIDERATIONS 
 
The development of the model has shown that, even 
adopting simplified methods to estimate the 
efficiency, cost and environmental impact, the 

connections between the several systems available in 
the energy usage side and in the supply side are 
quite complex, requiring a systematised procedure to 
be performed in practical life. In this sense, the type 
of proposed model would be extremely worth.  

The results of the balanced assessment applied to 
Miyun study-case demonstrated the value of the 
initiatives in the energy usage system. For all the 
cases analysed, even if improvements in buildings 
are carried just in the first level, the cost and 
emissions drop significantly. Moreover, it indicated 
that there is an intermediate point between usage and 
supply, suggesting that much greater overall 
efficiency, cost-effectiveness and, in the most of 
cases lower environmental impact are achieved if an 
integrate plan is developed, setting guidelines for both 
sides. 

The presented version of the model is just a first 
approach of the effort of establishing instruments for 
balanced assessment of energy systems. The 
proposal aims to motivate the definition of methods 
and references to analyse and benchmark more 
complex and integrated solutions on energy systems, 
providing indicators to establish suitable levels of 
performance, with the lowest possible cost and 
environmental impact.  
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