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ABSTRACT

When low carbon and renewable energy (RE)
systems are adopted in a building, matching the
outputs from RE systems (e.g. photovoltaic, solar
collectors, small scale wind turbines and heat
pumps) to demand has to be taken into account to
fully realise the potential of the hybrid energy
system. Considering the varying demand profiles
due to different building design options (orientation,
construction types etc), it is necessary to evaluate
key technology elements in an integrated context
and  establish  appropriate  strategies  for
simultaneously meeting heating and electricity
loads as well as matching demand and supply.

This paper presents a new approach to evaluate the
interactive effects of low carbon technologies and
demand reduction measures in the early design
stage of a new building. A case study of a
sustainable domestic building project (PLUS 50),
was implemented on the basis of the proposed
design approach.
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INTRODUCTION

To successfully integrate low-carbon and renewable
energy (RE) systems within a building, appropriate
technology types and capacities must be identified
and integrated. In a previous study, a new approach
to deal with the interactive effects of RE systems
and buildings was suggested to support the early
design stage (Kim et al, 2005). The study focused
on the feasibility testing of building design options
and RE systems including PV, solar collectors and
heat pumps, and concentrated on the matching of
outputs from RE systems to demand.

This paper presents a methodology for evaluating
the energy performance of domestic buildings
where the Hybrid Energy Systems (HES) has been
installed. HESs are systems where demand side
measures, RE and low carbon technologies such as
UCHP are integrated. The methodology allows

- 649 -

building designers to identify the effects of energy
efficient demand-side measures (e.g. roof-top
gardens, innovative under-floor heating systems)
and maximise the utilisation of HESs.  The
methodology was tested in a case study of a
sustainable domestic building project (PLUS 50),in
Korea. The result of the case study is also presented
here.

PERFORMANCE ASSESSMENT OF
HYBRID ENERGY SYSTEM

Integration of renewable and low carbon
technology

In order to provide a reliable energy (electricity or
thermal) supply, the energy supply from
intermittent renewable sources must be
supplemented by other energy supply systems
(e.g. grids, boilers, thermal storage tanks,
batteries, etc). When integrating RE systems
and low carbon energy systems in a building as
illustrated in Figure 1, it is necessary to design
the HES that combines effective supply

elements as well as an efficient operational
strategy. Low Carbon Technology (LCT)
systems such as pCHP and heat pumps, deal
with electricity and heat simultaneously, so it is
important to effectively match year-round
heating and electricity loads to achieve a high
level of efficiency.

Energy End-use
(Buildings)

EEEEEEEEEEEE
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Figure 1: Schematic diagram of an HES integrated

in a building.
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Therefore, it is necessary to evaluate key
technology elements in an integrated context and
establish appropriate strategies for simultaneously
meeting heating and electricity loads as well as
matching demand/supply. The design goals are:

e to minimise the importation of electricity

from a grid;

e to reduce fuel consumption for
heating/cooling and electricity;

e ultimately, to reduce CO, emissions

against both thermal and electrical demand.

Criteria of performance assessment of HESs

The criteria of assessment and optimization of
demand measures and supply systems in HESs
installed in buildings depend on design strategies
and targeting aspects. Born (2001) proposed the
match assessment method for RE systems and
demand profiles. Two matching elements,
magnitude and phase, are used to judge how well
time-series profiles match. This demand/supply
matching assessment is based on the design strategy
aimed at minimizing the exporting of electricity
from RE systems to a grid and maximizing the
potential of RE-generated supplies.

In the case of LCTs installed alongside RE systems,
which are inherently intermittent and unpredictable
energy supply sources, it is hard to tell which is the
best by simply comparing match rates. The match
rates for these systems are supposed to be high
because demand-driven energy systems follow the
demand profile. The partial load performance of
demand-driven energy systems should be taken into
account when evaluating systems that follow a
certain demand profile over a period of time.
Examining the hours spent running at different
supply rates relative to demand can be regarded as
an indicator of how well the system operates. Fuel
consumption, equivalent GHG emissions and the
overall efficiency over a given period are also
significant in terms of appraising the operating
performance of low carbon energy systems.

If any modification is made to the thermal aspect of
HESs, it could also affect the matching of
electricity demand/supply as well. For example,
when a new CHP system is adopted in an HES to
meet thermal demand, the matching rate for
electricity demand/supply must be changed if the
electricity generated by the CHP system is used to
meet electricity demand. Heat pump systems and
thermal storage also require electricity to generate a
thermal supply for the HES. In order to examine the
overall performance of an HES, the use of
electrical and thermal energy must be taken into
account during the assessment process.
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Figure 2: Multi-criteria assessment view of RE and
LCT energy systems.

In this study, comprehensive criteria are used in the
performance assessment of HESs in terms of
overall energy use, cost, environmental impact (e.g.
CO, emissions) as well as the demand/supply
matching rate. Figure 2 illustrates this multi-criteria
assessment view for RE and LCT combined energy
systems.

SOFTWARE TOOLS

Software framework

As shown in Figure 3, the software systems used in
the study consisted of an integrated building energy
simulation program, ESP-r (Clarke, 2001), a new
and RE modelling and matching tool, Merit (Born
et al, 2004), and an information management tool,
EnTrak (Kim, 2004).
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Figure 3: Software tools.

The MERIT system is a quantitative evaluation tool
that allows the user to determine the match between
supply and demand in order to make informed
decisions about the suitability of certain supply
mixes for particular applications. EnTrak, an
energy and environment information management
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tool, is used to store climate databases as well as
demand and supply profiles for use with MERIT’s
profile matching feature. ESP-r is used to model the
proposed design in order to generate virtual demand
profiles  corresponding to the  building’s
environmental control systems.

New functional development in Merit

As discussed previously, to maximize the overall
performance of an HES, thermal and electrical
demand and supply should be taken into account in
the assessment process. To this end, the following
new assessment tools and models have been created
in MERIT:

e CHP operation model allowing the
examination of different types of CHP
engines, part load performance (of fuel
consumption and heat-to-power ratio), the
minimum load required to run the CHP,
and the different types of fuel and their
GHG emissions;

e The multi-criteria performance view
presenting statistical information on total
demand, total supply, import/export,
matching rate, fuel consumption, CO,
emission, efficiency of CHP, partial load
operation of CHP and cost;

e the dual match view mechanism and user
interface for dual energy type models (e.g.
CHP, heat pumps, thermal storage tanks)
which include electrical and thermal
aspects of simulation.

CASE STUDY: PLUS 50 BUILDING

Overview of the PLUS 50 project

The purpose of the PLUS 50 project is to develop
technologies related to design, construction
structure, materials and energy systems for
residential buildings which can prolong a building’s
life by up to 50% and reduce the environmental
impact by up to 50%. A number of individual

technologies are involved, including energy
efficient demand measures (e.g. roof-top gardens,
panel under-floor heating systems, external

insulation) and HESs consisting of low carbon and
RE systems as illustrated in Figure 4.
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Figure 4: the Plus 50 building model.

Thermal and electrical demand profiles
The PLUS 50 building model comprises

16
households with 4 apartments on each of the 4

storeys.  The thermal model of the PLUS 50
building was generated by ESP-r including the
Ondol (under-floor) heating system and roof-top
garden. First, a model of a single column
comprising four apartments was created, and then
by changing the boundary conditions, the demand
profile of the entire building was simulated. Two
variations of the thermal model were created: a
reference building (i.e. conventional pipe-
embedded concrete Ondol and flat roof) and the
PLUS 50 building (i.e. panel-type Ondol, roof-top
garden, reinforced external insulation).

The conventional roof has a U-value of 0.46
W/m’K. The roof-top garden has 120 mm soil
coverage over insulation and concrete, with an
improved U-value of 0.35 W/m?K. The main facade
of the model is assumed to face South for all cases.
The hourly climate data of Seoul (37.34°N,
126.58°E) was used. The simulation focused on the
heating season (Jan-Mar) only.

Project; reference for KICT plus B0

Figure 5: ESP-r model for heating demand profiles
of the Ondol system in the PLUS 50 building.
DHW and electricity demand profiles

The demand profile for domestic hot water was
based on typical Korean domestic hot water profiles.
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It is assumed that individual households have the
same profiles regardless of the apartments’ position
and orientation. Therefore, the total demand profile
was obtained by multiplying the typical DHW
(W/m?) against the total area of the apartment
building. Electricity demand profiles were based on
a survey conducted by the Korea Power Exchange
(2004) in which typical daily use patterns of home
appliances were identified through seasons by
monitoring the electricity usage of 500 households.
The typical electricity usage pattern was adjusted
for the PLUS 50 building (i.e. 16 households) and
extended to cover annual profiles using MERIT’s
profile designer.

RE and LCT technologies

Ground source heat pumps, solar collectors and
photovoltaic modules were adopted for the heating
and electricity energy supply system. The capacity
and COP of the heat pump system are 10 kW and
3.8 respectively for heating. Assuming that the heat
pump is operated in an on/off mode, the supply
from the system is essentially constant as ground
temperature at a depth of 70-100m is steady at
around 13°C in winter and 15°C in summer
according to a year-round field measurement made
by the Korea Institute of Construction Technology.

Based on the feasibility test of solar-power RE
conducted in a previous study (Kim et al, 2005), a
110-watt mono-crystalline photovoltaic module and
solar collector were installed on top of the roof. The
two types of RE systems are tested in terms of
integrated energy performance with other LCTs
within the HES. The specifications of the RE
systems are given in Table 1 and Table 2.

Table 1: Specification of PV

Parameter alue
Manufacturer Siemens
Cell type Mono-crystalline
Nominal power (W) 110
Maximum power point current (A) 6.3
Maximum power point voltage (V) 17.5
Short circuit current @ STC( A) 6.9
Open circuit current @ STC (A) 21.7
Standard test condition (STC)

temperature (°C) 25
Standgrd test C(z)ndition (STC) 1000
isolation (W/m?)

Panel height (m) 1.32
Panel width (m) 0.66
Number of cells in parallel 1
Number of cells in series 72

For the CHP, a 30 kWe nCHP was selected for the
PLUS 50 building (instead of a 50 kWe supply) to
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meet demand (Kim et al, 2006). The specification
of the uCHP is shown in Table 3 (Energy Nexus
Group, 2002).

Table 2: Specification of Solar Collector

‘Parameter ‘ Value ‘
Collector length (m) 2.49
Collector width (m) 1.323
Collector depth (m) 0.095
Plate thickness (m) 0.0005
Plate length (m) 1.17
Plate longwave emittance 0.95
Plate solar absorbance 0.95
Plate conductivity (W/mK) 380
Number of tubes 11
Spacing between tubes 0.0114

Table 3: Specification of uCHP

Parameter Value
Fuel Type Natural Gas
LHV (MJ/m®) 34.6
Nominal Power (kW) 30
Engine Type Micro-turbine

0.08 0.13
?;lsumption 0.13 022
(m*/min) 0.17 0.29

0.22 0.37
Turbine Efficiency (%) 92
Power Factor 0.98
Generator Efficiency (%) 92
Electricity Frequency (Hz) 50/60

4.74 4.44
Heat-to- 3.02 2.83
Power Ratio 2.49 2.33

2.13 1.99

HES Scenarios

Combinations of RE and LCT were created to
evaluate energy performance, environmental impact
of demand measures and incorporated technologies.
Each scenario is described in Table 4. The
‘reference’ case represents a conventional domestic
building as described in the previous section, while
the ‘PLUS 50’ case represents a PLUS 50 building
model with demand measures adopted for thermal
performance. Supply systems for both the
‘reference’ and ‘PLUS 50’ buildings are gas boilers
for thermal requirements (heating and DHW) and
the grid for electricity.

The ‘PLUS 50’ building model was used for all of
the other scenarios with RE and LCT supply
systems.
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‘RE 1’ and ‘RE 2’ are examples of RE systems
with gas boilers based on the ‘PLUS 50’ building.
The solar collectors (84 panels) for ‘RE 1’ or
photovoltaic panels (229 panels) for ‘RE 2’ are
installed on the roof (256m” coverage).

The CHP follows thermal demand for all cases. No
thermal storage was considered in this study. DHW
and electricity demand profiles apply to all cases. It
is assumed that the electricity from the grid is
imported when the RE and LCT systems cannot
meet the electricity demand.

Table 4: Scenarios involving combinations of RE

and LCT.
CASE DEMAND SUPPLY
Reference Conventional Ondol/ Gas Boiler
roof
Panel-type Ondol,
Plus50 roof-top garden, Gas Boiler
reinforced insulation
RE 1 Plus50 building Solar collectors,
gas boiler
RE 2 Plus50 building PV, gas boiler
HE 1 Plus50 building Solar collectors,
heat pump
HE 2 Plus50 building PV, heat pump
HE 3 Plus50 building CHP
HE 4 Plus50 building CHP, solar
collectors
HE 5 Plus50 building CHP, PV
HE 6 Plus 50 building CHP, heat pump

Results analysis

The thermal effect of the PLUS 50 building gives
rise to a 12-28% demand reduction against the
reference building depending on the orientation of
external walls (see Table 5). As the thermal
improvement effect of the roof-top garden/
reinforced insulation walls is restricted to an
envelope (i.e. roof, external wall), the reduction in
demand is subject to the position of the apartment
(e.g. the worst performing apartment has a
demand reduction of 2.4%). This implies that as the
proportion of apartments located in the middle of a
PLUS 50-like building increases (those not on the
top floor or at each side of the building), the
thermal effect due to demand-side measures
becomes less significant, although it can still reduce
the peak demand.

Table 5: Thermal demand (kWh) of the PLUS 50
building against the reference building.

| Reference Plus50
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West Mid | East West Mid | East

Top 5.30 4.04 | 5.14 3.92 3.23 | 3.79
on 2.60 1.15 | 2.02 1.70 1.10 | 1.59
1™ 2.30 1.23 | 2.19 1.79 1.2 1.68
Ground 5.38 3.55 | 435 3.79 322 | 3.83
Total 15.58 997 | 13.7 11.20 8.77 ]%8
Rate%o | - - 28 12 | 20

*Thermal demand reduction of Plus 50 building against reference
building

Table 7 displays the results of the performance
assessment for the heating season (January to
March). Energy usage reduction and CO, reduction
against the reference case are presented in Table 6.

Table 6: Energy usage and CO, reduction against
the ‘reference’ case.

CASE ENERGY CO,
USAGE REDUCTION
REDUCTION (%)
(%0)*
Reference 0 0
Plus50 6.08 4.23
RE 1 12.94 9.01
RE 2 14.58 14.56
HE 1 25.93 13.63
HE 2 32.20 23.49
HE 3 24.10 25.13
HE 4 28.84 33.84
HE 5 43.42 33.59
HE 6 33.76 29.38

*Energy usage from GHG emission energy systems (i.e. Grid, CHP,
boiler)

The electricity generated by RE 2 (PV-installed
roof) contributes to the reduction of electricity
imported from the grid, while RE 1 (solar collector-
installed roof) contributes to the reduction of
energy from the gas boiler. However, in terms of
CO, reduction, RE 2 makes more of a contribution.
This is because the natural gas boiler has a better
CO, emission factor than the national grid CO,
emission factor. In terms of the matching rate and
residual, RE 1 generates a surplus supply.
Especially during the warmer season, this surplus
increases and the matching rate decreases. Figure 6
and Figure 7 display surplus/deficit profiles of
thermal energy supply from solar collectors and
PVs. Although the overall CO, reduction
contribution could change if another type of boiler
was adopted (e.g. an oil boiler), PV is preferable to
solar collectors in terms of the way it can fully
utilise the energy generated with a resulting
reduced environmental impact.
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A fuel consumption reduction of 18-39% can be
achieved when adopting an HES. In terms of
energy use reduction, HE 5 is the best.

By using the electricity produced by the CHP and
PVs and the heat produced by the CHP and solar
collectors, HE 5 and HE 4 make the greatest
contribution to CO, reduction. However, there is
still some distance from the target (50%), as the
deliverable energy of these two scenarios is limited.
Figure 8 shows the match view of the electricity
produced by the CHP according to demand in HE 5
scenario.

If a heat pump is adopted, the extra consumption of
electricity for the heat pump system is taken into
account. While a heat pump can be used for the
base load, a CHP system follows residual demand.
HE 6 is also a reasonable energy system choice. It
can improve the efficiency of a CHP system.
However, the durability of CHPs should be
considered as well.

In order to achieve the target of the PLUS 50
project (50% reduced energy use and CO,
emissions), it is important to install an HES which
can overcome the limitations of demand-side
measures. To reduce overall energy consumption
and CO, emission by over 50%, advanced demand-
side measures such as active demand-side control
(DSC) systems and the export of surplus energy
generated by RE or CHP or others could be
considered. The DSC is used to control devices to
match the individual demand/supply profile. It co-
ordinates with available supply resources to create
more favourable demand profiles for intermittent
and unpredictable energy supply resources. To
further reduce the CO2 emissions, the contribution
of energy export should be also taken into account.

CONCLUSION
An approach to the evaluation of RE and LCT
integrated energy systems was established,

including consideration of heat and power demand
profiles, energy system combinations, building
design options and strategies for matching supply to
demand. A case study was conducted with the
Korean PLUS 50 eco-friendly domestic building
project. A series of demand/supply matching-based
analyses and performance evaluations of the PLUS
50 building and HESs were undertaken on the basis
of the proposed approach. The effect of energy
efficient demand measures and favourable
combination of HESs were identified in terms of
total energy usage and CO, emission reduction.

On the basis of the performance information
obtained at the conceptual design stage, the design
team can pinpoint energy efficient demand/supply
combinations, and therefore maximise the impact of
the adoption of HESs. The assessment methodology
can also be applied to RE and LCT community
energy plans.
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Table 7: Comparison of the performance index of cases.

Scenario Demand RE total RE Energy RE Energy RE Energy Match Rate Efficiency | Aux Supply Grid Import? | Energy | CO2 Emission "
[MWh] generation Surplus Deficit Delivered [%] (CHP) [MWh] [MWh] usage > | (ton)
[MWh] [MWh] [MWh] [MWh] [%] (MWh)
Electricity Electricity Electricity
/ Thermal Electricity Electricity Electricity Electrical /Thermal /Thermal Electricity (Total)
/Thermal /Thermal /Thermal /Thermal / Thermal
Reference 41.0/59.8 -/- - - - - -/68.777 41.0 109.77 19.8/15.3 35.1
Plus50 41.0/54.0 -/ - - - - -/62.1% 41.0 103.10 19.8/13.9 33.7
RE 1 41.0/54.0 -/13.97 -/7.11 -/47.04 -/6.55 -/31.60 - -/54.56” 41.0 95.57 19.8/ 12.2 32
RE 2 41.0/54.0 9.33 /- 1.73/- 33.35/- 7.51/- 32.7/- - -/62.107 33.49 93.77 16.2/13.9 30.1
HE 1 47.0/ 54.0 -136.9 -12.11 -/28.94 -/24.20 -/50.2 - -/19.677 47.0 81.31 22.7/17.6 30.3
HE 2 47.0 /54.0 9.3/22.9 0.95/0.73 38.61/31.45 8.32/22.04 31.2/46.1 - -/36.75% 38.68 74.42 18.7/8.2 26.9
HE 3 41.0/54.0 - 0.37/- 29.29/- 11.19/52.98 42.1/95.7 55.7 11.99/53.0 29.81 83.31 144/11.9 26.3
HE 4 41.0/54.0 -/14.0 0.34/7.33 30.60 /0.96 9.89/52.99 39.9/825 58.2 10.5V/46.5 31.11 78.11 15.0/8.2 232
HE 5 41.0/54.0 21.2/- 3.46/- 23.07/- 17.34/52.98 52.8/95.7 55.7 11.99/53.0 23.66 62.11 11.4/11.9 233
0.058 (CHP 40.45 (CHP
HE 6 47.0/54.0 -/22.9 (CHP) (CHP) 6.38/52.68 22.6 /96.1 38.7 6.57/30.6 40.62 72.71 19.6/5.2 24.8
/0.79 (HP) /1.26 (HP)

1) CO, emission factor: 223 kg CO,/MWh for natural gas boilers (based on gross calorific value) and 483.6 kg CO,/MV

2) Gas Boiler efficiency 85 %.
3) Electricity generated by the CHP when running on thermal-follow mode.
4) Grid Import = demand — energy delivered

5) Energy usage = aux supply + Grid Import
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Vh for electricity from the grid (national average in Korea) .
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Figure 6: Surplus/deficit of thermal energy supply from solar collector during a year.
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Figure 7: Surplus/deficit of electrical energy supply from PV during a year.
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Figure 8: Match view of HES electrical demand/supply.
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