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Unit 9
Worked Example 4 – Temperature Control of Buildings
Significance of Low Energy Homes
Today even the most expensive and luxurious homes and modern buildings can generate electricity on-site through renewable energy technologies such as roof top photovoltaic cells, solar thermal collectors, and small scale wind turbines. These technologies can reduce the building’s demand for electricity from the grid and hence save money. In some countries, any excess electricity can be sold as a profit back to the grid, which is particularly profitable during peak load periods. 
However, before options for renewable power generation are considered, the amount of electricity used by the home needs to be reduced as many homes are very inefficient users of electricity and there are many options for reducing demand without reducing comfort or service that are cost effective.
 Making the building a low energy consumer will then reduce the infrastructure needed to generate the electricity on-site, and allow more of the electricity produced to then be sold back to the grid. 
Lowering electricity consumption in a home can be done in a number of ways, such as the choice of energy efficient appliances (In 2006 General Electric launched its eco-efficient range of home appiances as part of the Eco-Imagine program); energy saving practices and behaviour; however the need for temperature control in the home is one of the largest electricity consumers. The demand for electricity for air conditioning in the summer and heating in the winter for homes and commercial buildings is driving increased peak electricity demand, which then drives the need to build new power plants and maintain distribution infrastructure, the poles and cables. This phenomenon was discussed in detail in Chapter 4 of The Natural Edge Project’s The Natural Advantage of Nations
 publication. Hence for many reasons reducing the need for air-conditioning and making it less energy intensive is a very important mechanism for reducing demand for electricity. 

Minimising heat transfer into or out of the home can be done in a number of ways. The goal is to control the internal temperature of the home to a preferred temperature range. In order to achieve this, the amount of heat transfer through the structure of the building needs to be minimised (heat loss in winter and heat gain in summer). The temperature inside the home is usually increased by people, electrical appliances, and lighting, however, the main need for temperature control in homes is driven by the outside conditions. 
In many cases the design of a home does not look holistically for ways to reduce the need for temperature control but rather compensates with a reliance on Heating, Ventilation & Air Conditioning Systems (HVAC). However, there are a range of strategies for reducing the heat load and extremes of temperature. Firstly, high temperatures during summer can be reduced by blocking solar radiation with trees, generous overhangs, awnings and verandas, and through situating water structures or planted trellises upwind of the home. Secondly, much can be done to regulate the air temperature in a house through passive solar design: orientation of the house, thermal mass, natural ventilation, and insulation. There is a range of very cost effective ways to improve the insulation, such as topping up ceiling insulation, cavity wall insulation, pelmets and appropriate curtains, double glazing windows, weather seals for doors, draft stoppers under doors, roof vents, ensuring windows are sealed, and insulating around the hot water system. 
Such investments can significantly reduce the need for regular use of ceiling fans or a HVAC system and allow a home to be adequately heated or cooled quickly with relatively smaller and cheaper fans, air-conditioners and heaters.
 Placing manually adjustable windows to take advantage of prevailing winds and thermal convection to ventilate living spaces can similarly reduce the use and size of HVAC systems. 
HVAC systems themselves can be designed in different ways. The Australian Greenhouse Office has a training module on HVAC systems.
 The US Department of Energy provides an overview of the wide range of ways to achieve temperature control in buildings.
 It is important also to consider when designing such systems how energy efficient other air-conditioning and heating systems are.

This design worked example will look at the home as a system and consider a range of options and their economic impacts.
Worked example overview

This worked example focuses on working through the cooling load calculations required for sizing a residential HVAC system. These calculations can be quite complex and calculations for commercial buildings are even more so. For this reason, this unit presents only the major components of the calculations required for a very simple house. The analysis is sufficient in demonstrating the effect of Whole System Design on building design.

In the Australian building industry, software packages such as second generation NatHERS
 programs (AccuRate, FirstRate5
, BERS Pro
) and other rating tools
 are often used. These software packages streamline the modelling and calculation process, but care is required in ensuring that the published protocols for use are adhered to.
The cooling load calculations in this worked example will be based on the ‘CLTD/CLF’ method – a simplified, hand-calculation method presented by the American Society of Heating, Refrigerating and Air Conditioning Engineers (ASHRAE) in their 1997 Handbook.
 The later versions of this publication (2001 onwards, updated usually every four years) present another method known as the ‘Radiant Time Series’ method, which gives an exact solution, but requires computer aided numerical computation. In this worked example, northern hemisphere data from the ASHRAE 1997 Handbook are used for southern hemisphere calculations, under the assumption that asymmetries between the two hemispheres are negligible.
Recall the 10 Elements of applying a Whole System Design approach discussed in Unit 4 and Unit 5:

1. Ask the right questions

2. Benchmark against the optimal system

3. Design and optimise the whole system

4. Account for all measurable impacts

5. Design and optimise subsystems in the right sequence

6. Design and optimise subsystems to achieve compounding resource savings
7. Review the system for potential improvements

8. Model the system

9. Track technology innovation

10. Design to create future options 

The following worked example will demonstrate how the 10 Elements can be applied to temperature control in domestic buildings using two contrasting examples: a conventional house versus a Whole System Designed house. The main focus is on Elements 2, 3, 4 and 5. The application of the other Elements will be indicated with a blue box. 
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General Solution

The house is in a temperate climate where it is hot in summer and cold in winter. Consequently, the house may require both cooling and heating equipment.
 However, for the purposes of this worked example, only the summer scenario will be considered. The winter scenario is covered in the ASHRAE Handbook.
 

Climate

The aim of the worked example is to design a house that can maintain the following interior climate conditions:

· Design temperature: 24 °C

· Design humidity ratio: 50%

The house is located in Canberra, Australia (Latitude: 35.15 °S), where the summer climate has the following characteristics:
 

· Dry bulb temperature (0.4%
): 32.5 °C

· Daily range of dry bulb temperature: 13.3 °C

· Humidity ratio (0.4%): 13.7%

Since the dry bulb temperature in Canberra (32.5 °C) is substantially greater than the design temperature (24 °C), a HVAC system will probably be required.

Assumptions

The following assumptions are made for this worked example:

· The house is approximated as a single large room so heat gain from interior, unconditioned space, qP, is not applicable. 

· Daylight penetration affects all areas of the building evenly.
 

· Average cloudiness and weather conditions.

· Steady state heat transfer conditions.

· The effects of moisture are ignored.

· The outside and interior temperatures are uniformly distributed.

· There is no exterior artificial lighting.

· 30% of all lamps are on during times of maximum cooling load.

· All lamps operate for 2000 hours per year.
· Ignore the cost of any structural resizing.

· Electrical appliances release an average of 25% of input power as heat.
 

· 50% of all electrical appliances are on during times of maximum cooling load.
· Electrical appliances consume power at an average rate of 10% of their input power at all times.Ignore installation costs of components.

· The occupants of any solution behave similarly.

· The assumptions and conditions of any equations and tables used in the references are relevant and accurate.
Calculating cooling load
The size of the HVAC system is determined by the maximum cooling load, which is determined by the heat gain. Heat gain comes from two types of sources, external and internal, each of which contributes various cooling loads. The cooling load equations are given below.
 Table 9.1 describes each symbol in the equations.
· External
· Heat gain through opaque surfaces (walls, roof and doors)
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· Heat gain through translucent surfaces (windows and skylights)
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· Heat gain due to infiltration of outside air through leaks 
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· Internal

· Heat gain due to occupants
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· Heat gain due to artificial lighting


[image: image11.wmf]


[image: image12.wmf])

1

(

)

(

L

L

A

U

L

L

e

CLF

F

F

P

q

-

=

 for each lamp



(p. 28.40
)
· Heat gain due to electrical appliances
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· Heat gain from interior, unconditioned space (ignored)
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The maximum cooling load, qC, is simply the sum of all individual cooling loads. The design cooling load, qDES, accounts for duct losses.
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Table 9.1: Symbol nomenclature for design cooling load equations
	Symbol
	Description
	Units

	AD
	Area of door
	m2

	AG
	Unshaded area of window or skylight
	m2

	AGS
	Shaded area of window or skylight
	m2

	AP
	Area of interior partition or wall
	m2

	AR
	Area of roof projected onto horizontal (excluding skylights)
	m2

	AW
	Area of exterior wall (excluding windows)
	m2

	ACH
	Air exchange rate (air exchanges per hour)
	1/hr

	CLFA
	Cooling loaf factor for electrical appliances (time delay factor)
	

	CLFL
	Cooling loaf factor for artificial lighting (time delay factor)
	

	CLFO
	Cooling loaf factor for occupants (time delay factor)
	

	CLTD
	Cooling load temperature difference for each surface
	K or °C

	eL
	Energy efficiency of lamp
	

	FU
	Usage factor (fraction of time in use)
	

	FA
	Allowance factor (for additional losses)
	

	GLF
	Glass load factor for each unshaded window or skylight
	W/m2

	GLFS
	Glass load factor for each shaded window or skylight
	W/m2

	HA
	Heat gain due to electrical appliances
	W

	HOL
	Latent heat gain due to occupants
	W

	HOS
	Sensible heat gain due to occupants
	W

	LP
	Duct Losses
	

	qA
	Cooling load for electrical appliances
	W

	qC
	Maximum cooling load
	W

	qD
	Cooling load for doors
	W

	qDES
	Design cooling load
	W

	qG
	Cooling load for windows and skylights
	W

	qIL
	Latent cooling load for infiltration
	W

	qIS
	Sensible cooling load for infiltration
	W

	qL
	Cooling load for artificial lighting
	W

	qOL
	Latent cooling load for occupants
	W

	qOs
	Sensible cooling load for occupants
	W

	qP
	Cooling load for interior, unconditioned space
	W

	qR
	Cooling load for roof
	W

	qW
	Cooling load for walls
	W

	RV
	Room volume (in this case, volume of house)
	m3

	Δt
	Temperature differential between outside and interior
	K or °C

	ΔtP
	Temperatures differential between across an interior partition or wall
	K or °C

	UD
	Overall heat transfer coefficient of door
	W/m2K

	UP
	Overall heat transfer coefficient of interior partition or wall
	W/m2K

	UR
	Overall heat transfer coefficient of roof
	W/m2K

	UW
	Overall heat transfer coefficient of wall
	W/m2K

	Δw
	Humidity ratio differential between outside and interior
	kg/kg


Source: ASHRAE (1997)

Conventional Design Solution
Design the building and determine the occupancy characteristics

For simplicity, the house has a simple rectangular floor plan. The north-facing frontage is narrow to allow room for a double carport on the western side of the house and a small walkway on the eastern side. The conventional house has the following features:

· Northern façade: 10m wide x 3m high, two windows: 2m x 2m each, no shade, door: 1m x 2m
· Eastern façade: 20m wide x 3m high, four windows: 1.5m x 1m each, 40% tree shade

· Southern façade: 10m wide x 3m high, two windows: 2m x 2m each, no shade, door: 1m x 2m
· Western façade: 20m wide x 3m high, four windows: 1.5m x 1m each, 40% tree shade

· Roof/attic/ceiling: pitched, foil and fibre glass bat insulation equivalent to R 3.5, small overhang

· Exterior walls: fibre glass bat insulation equivalent to R 1.5
· Windows: single glazing, 3.2mm glass, sliding, wood frame, draperies
· Doors: solid core flush door
· Loose construction

· Interior electrical appliances: total input power of 4 kW

· Interior electrical lighting: thirty 100W incandescent lamps

The occupants are expected to be performing the following activities during times of maximum cooling load:
· Man: light work
· Woman: moderately active office work
· Child 1: playing (equivalent to light bench work)
· Child 2: playing (equivalent to light bench work)
· Child 3: seated reading (equivalent to seated in a theatre)
Calculate the design cooling load

Table 9.2: Values used to calculate design cooling load, QDES, for the house
	Symbol
	Value
	Source

	AD
	(2m) (1m) = 2 m2
	Given

	AG
	north, south: (2m)(2m)(2) = 8 m2
east, west: (0.6)(1.5m)(1m)(4) = 3.6 m2

roof: 0 m2 (no skylight)
	Given

	AGS
	north, south: 0 m2
east, west: (0.4)(1.5m)(1m)(4) = 2.4 m2

roof: 0 m2 (no skylight)
	Given

	AP
	n/a
	

	AR
	(20m) (10m) = 200 m2
	Given

	AW
	north, south: (10m)(3m) – AG – AD = 20 m2
east, west: (20m)(3m) – AG – AD = 54 m2
	Given

	ACH
	0.7 per hour
	ASHRAE Handbook, Table 8, p. 27.4

	CLFA
	1
	HVAC not operating 24 hr/day

	CLFL
	1
	ASHRAE Handbook, p. 28.52


	CLFO
	1
	ASHRAE Handbook, p. 28.52


	CLTD
	north: 6 K, south: 4 K; east, west: 10 K
roof: 23 K
	ASHRAE Handbook, Table 1, p. 27.2

	eL
	0.15
	APS


	FU
	0.3
	Given

	FA
	1
	ASHRAE Handbook, p. 28.8


	GLF
	North:
 71.5 W/m2, south: 60 W/m2
east, west: 145 W/m2
	ASHRAE Handbook, Table 3, p. 27.3

	GLFS
	north, east, south, west: 60 W/m2
	ASHRAE Handbook, p. 27.5


	HA
	(0.25) (0.5) (4 kW) (1000 W/kW) = 500 W
	Given

	HOL
	55W + (0.85)(55W) + (0.75)(140W) + (0.75)(140W) + (0.75)(30W) = 307.5 W
	ASHRAE Handbook, Table 3, p. 28.8

	HOS
	75W + (0.85)(75W) + (0.75)(80) + (0.75)(80) + (0.75)(65W) = 334.25 W
	ASHRAE Handbook, Table 3, p. 28.8

	LD
	0.08
	ASHRAE Handbook, p. 27.6


	RV
	(20m) (10m) (3m) = 600 m3
	Given

	Δt
	32.5 °C – 24 °C = 8.5 °C
	Outside t: ASHRAE Handbook,  Table 5, p. 26.27, dry bulb temp. for Canberra

	ΔtP
	n/a
	

	UD
	2.21 W/m2K
	ASHRAE Handbook, Table 6, p. 24.13

	UP
	n/a
	

	UR
	1/3.5 = 0.286 W/m2K
	
R 3.5 roof insulation: McGee (2005)
 for Canberra

	UG
	5.05 W/m2K
	ASHRAE Handbook, Table 5, p. 29.8

	UW
	1/1.5 = 0.667 W/m2K
	R 1.5 wall insulation: McGee (2005)
 for Canberra

	Δw
	0.5 – 0.137 = 0.363
	Interior w: ASHRAE Handbook, Table 5, p. 26.27 for Canberra


The values in Table 9.2 yield the results in Table 9.3, which are compared graphically in Figure 9.1. Note that major sources of heat gain are external heat gains. 

Table 9.3: Breakdown of design cooling load components for the conventional solution
	External

	qW
	= 853 W

	qR
	= 1314 W

	qD
	= 44 W

	qG
	= 2384 W

	qIS
	= 1190 W

	qIL
	= 127 W

	Internal

	qOs
	= 308 W

	qOL
	= 334 W

	qL
	= 765 W

	qA
	= 500 W

	Totals

	qC
	= 7820 W

	qDES
	= 8445 W
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Figure 9.1. Design cooling load components for the conventional solution
Source: The Natural Edge Project (2008)
Calculate the cost of the system

Costs are presented for house components that differ from the Whole System Design (WSD) solution.
HVAC

The HVAC system needs to be rated at least qDES = 8.5 kW. 
Select:

· Fujitsu ART30LUAK/AOT30LMBDL (ducted)

· Output power: 8.8 kW

· Input power: 3.3 kW
Capital cost:
 AU$2500

In Canberra a residential air conditioner runs for about 150 h/yr.
 With electricity costing about AU$0.18/kWh (2006 price for residential supply), the running cost of the HVAC system in the conventional solution is:
Running cost: (3.3 kW) (150 h/yr) ($0.18/kWh) = AU$89/yr.

Windows

There is 28 m2 of single glazing and 72m of wooden window frame.

· Single glazing: AU$400/m2

· Wooden window frames with seals: AU$20/m of window perimeter

Capital cost: (28 m2) ($400/m2) + (72 m) ($20/m) = AU$12,640

Electrical Appliances

The interior electrical appliances will change for the Whole System Design solution but their capital cost will be assumed to be unchanged. The input power of all electrical appliances totals 4kW and all appliances run 10% of the time, on average.
With electricity costing about AU$0.18/kWh (2006 price for residential supply), the running cost of the electrical appliances in the conventional solution is:



Running cost: (0.1) (4 kW) (24 hr/day) (365 days/yr) ($0.18/kWh) = AU$631/yr
Electrical lighting

All thirty 100 W lamps operate for 2000 hours per year.

· 100 W lamp: AU$1/ lamp for 1000 hour life
Capital cost: (30 lamps) ($1/lamp) = $30
With electricity costing AU$0.18/kWh (2006 price for residential supply), the running cost of the electrical lighting in the conventional solution is:
Running cost: (30 lamps) (0.1 kW) (2000 h/yr) ($0.18/kWh) = AU$1080/yr
See Table 9.6 for a summary of costs.

Whole System Design Solution
Re-design the building with less heat gain
From Table 9.3, the design cooling load for the conventional design is dominated by the external heat gains, of which the three largest are:
1) qR: heat gain through the roof

2) qG: heat gain through the windows
3) qIS: sensible heat gain due to infiltration of outside air through leaks

Therefore reducing these heat gains offers the greatest potential for reducing the overall design cooling load. That is not to say that the other components should be ignored. In fact, by designing the system as a whole (rather than component-wise) the benefits of any design feature will impact on the operations of other components. A key consideration for maximising benefits is embodied in Element 5, ‘Design and optimise subsystems in the right sequence’. Here, the design and optimsation activities that provide multiple benefits are usually prioritised. Determining the right sequence in which to implement the activities requires deeper consideration.
Passive technologies (like shading devices) reduce the demand for active technologies (like air conditioning units) as they do not require energy and therefore should be designed and sized first. Each passive technology can both improve the effectiveness of other passive technologies and reduce the overall demand for active technologies. Active technologies, on the other hand, require energy input that comes at a cost. Optimising passive and active technologies in the sequence indicated in Figure 9.2 will maximise their effectiveness and the house’s overall performance.



Figure 9.2. Building feature design sequence for minimising energy consumption
Source: The Natural Edge Project (2008)
The Whole System Design solution for the ‘Design Challenge’ of this house considers aspects of building envelope (including orientation, window shading, window types, building materials, landscaping, and construction quality); daylighting; artificial (electrical) lighting; electrical appliance selection; and HVAC. Passive solar heating and passive cooling/ventilation are not a focus in this unit.
Building envelope and daylighting

The house’s building envelope can potentially reduce the cooling loads due to the three dominant components of heat gain, qR, qG and qIS. Reducing the external dimensions of the whole house will reduce the cooling load substantially, since either area, A, or room volume, RV, appears in the equation for every component of external cooling load. However, for comparability, the external dimensions of the house are maintained.
Since the rectangular floor plan dimensions are maintained, the horizontal area of the roof, AR, is also maintained. Consequently, the first dominating component of heat gain, qR, is unaffected by changes in building envelope. There are some changes that can reduce qR by other means. For example, the roof’s (and wall’s) colour can influence the Cooling Load Temperature Difference (CLTD) for the roof. Lighter colours reduce CLTD and hence heat gain through the roof, qR. The effect of colour on residential buildings is relatively small and is thus ignored. However, the effect of colour on commercial buildings can be significant, potentially reducing the equivalent outside roof temperature from up to 45°C above ambient to within 10°C.
 
The second dominating component of heat gain, qG, can be reduced through the combination of four changes:
1. Rotate the house by 90 degrees. The double carport is replaced with a single carport and the side walkway is eliminated so that the northth-facing frontage can be made wider. The depth of the house is correspondingly smaller.

2. Have larger windows on the northern and southern façades (and smaller windows on the eastern and western façades) to encourage milder daylighting throughout the day, rather than more intense early and late sun through eastern and western windows. The house’s shallower depth improves the relative penetration of natural daylight.

3. Increase the length of the roof overhang and introduce trees on the northern side to provide shade. Since the meridian altitude (‘elevation’) of the sun is higher during summer than in winter, the roof overhang can be designed such that the amount of direct solar contact on windows is reduced (increasing the shaded area of the window) in summer while still allowing sufficient passive heating in winter. In this solution shading is assumed to be 40%. In practice, the actual amount of shade provided by an overhang during summer can be calculated using Table 6 in ASHRAE.
 In a temperate climate deciduous trees are best since they provide shade in summer and allow solar gain in winter (when it is needed).

4. Use more efficient windows. In this worked example the use of triple glazing with air gaps is explored. The gas gap (usually air or argon) reduces the overall heat transfer coefficient through the windows, UG, since the gas has a lower thermal conductivity than the glass. An alternative or addition to multiple glazed windows are spectrally selective windows and films, which block most infra red (heat containing) and ultraviolet light, while transmitting a good portion of visible light. Two such commercially available technologies are available through Viracon
 and V-KOOL.

The third dominating component of heat gain, qIS, can be reduced through ‘tighter’ construction, which involves both more careful selection of seal-like components and more careful workmanship during construction.
The Whole System Design house has the following building envelope and construction features:

· Northern façade: 20m wide x 3m high, four windows: 2m x 1.5m, 40% roof overhang and tree shade, door: 1m x 2m
· Eastern façade: 10m wide x 3m high, four windows: 1m x 0.5m, 40% tree shade

· Southern façade: 20m wide x 3m high, four windows: 2m x 1.5m, roof overhang and tree but no shade ,
 door: 1m x 2m
· Western façade: 10m wide x 3m high, four windows: 1m x 0.5m, 40% roof overhang and tree shade

· Roof/attic/ceiling: pitched, foil and fibre glass bat insulation equivalent to R 3.5, large overhang contributing to greater window shading on northern façade
· Exterior walls: fibre glass bat insulation equivalent to R 1.5

· Windows: triple glazing, 12.7 mm airspace, sliding, wood frame, draperies

· Doors: solid core flush door

· Medium to tight construction
Passive solar heating

In this worked example, passive solar heating, which is a significant factor in winter heating load, is not a focus because only the summer scenario is being considered. Note that in temperate climates where winter heating is often required, determining heating load is critical for overall systems optimisation because heat load is dependent on many of the same house components (such as insulation) as is cooling load. For this reason, some of the changes made for the Whole System Design solution were only modest. For example, specifying that the roof overhang would contribute to a percentage of window shading, rather than specifying the actual length of the overhang, which can also influence the amount of passive heat gain in winter. Furthermore, some obvious changes were not made at all. These changes include upgrading the insulation to prevent more heat gain in summer,
 which would also prevent the desirable day-time heat gain during winter; and reducing the window area on the southern façade to prevent undesirable heat loss during winter, which would also reduce the penetration of daylight. In fact, it is likely that a relatively small window area on the southern façade would be optimal since qG is several fold greater than qW. However, for comparability, the total window area of the house is maintained at 28 m2.
Passive cooling/ventilation
In this worked example, passive cooling/ventilation is not considered because its effects are not significant during the period of maximum cooling load. Since maximum cooling load usually occurs around the hottest part of the day, the house is usually closed up to prevent hot air from leaking in and contributing to heat gain. Note, however, that passive ventilation can play an important role in evening cooling on hot days. The ‘CLTD/CLF’ method for residential homes used in this worked example does not explicitly account for delay effects.
Electrical appliances

Often, the heat gain from electrical appliances can be reduced at no cost by simply ‘shopping around’ for the right-sized appliance. Compared to oversized appliances, which sometimes are selected because the customer incorrectly perceives these appliances to be better value for money, the right-sized appliances have several benefits. For example, they are often cheaper to purchase because they are a lower capacity appliance; they run near their design loads, which makes them roughly twice as efficient as an appliance running at low load; they emit less heat; and they are generally smaller, lighter and safer to handle. The Whole System Design solution takes into account appliance right-sizing by conservatively assuming that all appliances are 10% more efficient, on average.
The Whole System Design house has the following total input power from electrical appliances:

· Interior electrical appliances: total input power of 3.6 kW

Artificial Lighting

Artificial electrical lighting is through compact fluorescent lamps. Although fluorescent lamps are about nine times more expensive than incandescent lamps, they have several advantages that make them better value for money. For example, fluorescent lamps last about eight times longer than incandescent lamps; they expend only 30 percent (as opposed to 85 percent in the incandescent lamps) of their input energy as heat; and convert about 70 percent (as opposed to 15 percent) of their input energy to light.
 To overcome the concerns about the quality of light from fluorescent lamps, a number of manufacturers are developing a range of shades of bulb to deliver more-natural coloured interior light.

Compared to the conventional solution, the window configuration of the Whole System Design solution (larger windows on northern and southern façades) allows more natural daylight into the house, especially during the middle of the day when maximum cooling load occurs. Consequently, fewer than the assumed 30% of all lamps would be on during times of maximum cooling load. However, for simplicity, this assumption is maintained as per the conventional solution.
The Whole System Design house has the following artificial lighting equipment:

· Interior electrical lighting: 30 15W compact fluorescent lamps

Occupants

For comparability, occupants are expected to be performing the same activities as in the conventional solution. That is:

· Man: light work

· Woman: moderately active office work

· Child 1: playing (equivalent to light bench work)

· Child 2: playing (equivalent to light bench work)

· Child 3: seated reading (equivalent to seated in a theatre)

Calculate the design cooling load
Table 9.4: Values used to calculate the design cooling load, QDES, for the house
	Symbol
	Value
	Source

	AD
	(2m) (1m) = 2 m2
	Given

	AG
	north, south: (0.6)(2m)(1.5m)(4) = 7.2 m2
east, west: (0.6)(1m)(0.5m)(4) = 1.2 m2

roof: 0 m2 (no skylight)
	Given

	AGS
	north, south: (0.3)(2m)(1.5m)(4) = 4.8 m2
east, west: (0.4)(1m)(0.5m)(4) = 0.8 m2

roof: 0 m2 (no skylight)
	Given

	AP
	n/a
	

	AR
	(20m) (10m) = 200 m2
	Given

	AW
	north, south: (20m)(3m) – AG – AD = 46 m2
east, west: (10m)(3m) – AG – AD = 28m2
	Given

	ACH
	0.4 per hour
	ASHRAE Handbook, Table 8, p. 27.4

	CLFA
	1
	HVAC not operating 24 hr/day

	CLFL
	1
	ASHRAE Handbook, p. 28.52


	CLFO
	1
	ASHRAE Handbook, p. 28.52


	CLTD
	north: 6 K, south: 4 K; east, west: 10 K

roof: 23 K
	ASHRAE Handbook, Table 1, p. 27.2

	eL
	0.7
	

	FU
	0.3
	Given

	FA
	1.2
	ASHRAE Handbook, p. 28.8


	GLF
	north
: 62 W/m2, south: 50 W/m2
east, west: 123 W/m2
	ASHRAE Handbook, Table 3, p. 27.3

	GLFS
	north, east, south, west: 50 W/m2
	ASHRAE Handbook, p. 27.5


	HA
	(0.25) (0.5) (3.6 kW) (1000 W/kW) = 450 W
	Given

	HOL
	55W + (0.85)(55W) + (0.75)(140W) + (0.75)(140W) + (0.75)(30W) = 307.5 W
	ASHRAE Handbook, Table 3, p. 28.8

	HOS
	75W + (0.85)(75W) + (0.75)(80) + (0.75)(80) + (0.75)(65W) = 334.25 W
	ASHRAE Handbook, Table 3, p. 28.8

	LD
	0.08
	ASHRAE Handbook, p. 27.6


	RV
	(20m) (10m) (3m) = 600 m3
	Given

	Δt
	32.5 °C – 24 °C = 8.5 °C
	Outside t: ASHRAE Handbook, Table 5, p. 26.27, dry bulb temp. for Canberra

	ΔtP
	n/a
	

	UD
	2.21 W/m2K
	ASHRAE Handbook, Table 6, p. 24.13

	UP
	n/a
	

	UR
	1/3.5 = 0.286 W/m2K
	R 3.5
 roof insulation: McGee (2005)
 for Canberra

	UG
	2.19 W/m2K
	ASHRAE Handbook, Table 5, p. 29.8

	UW
	1/1.5 = 0.667 W/m2K
	R 1.5 wall insulation: McGee (2005)
 for Canberra

	Δw
	0.5 – 0.137 = 0.363
	Interior w: ASHRAE Handbook, Table 5, p. 26.27 for Canberra


The values in Table 9.4 yield the results in Table 9.5, which are compared graphically in Figure 9.3. Note that the major sources of heat gain are still external heat gains. 

Table 9.5: Breakdown of design cooling load components for Whole System Design solution
	External

	qW
	= 680 W

	qR
	= 1314 W

	qD
	= 44 W

	qG
	= 1660 W

	qIS
	= 680 W

	qIL
	= 73 W

	Internal

	qOs
	= 308 W

	qOL
	= 334 W

	qL
	= 41 W

	qA
	= 450 W

	Totals

	qC
	= 5583 W

	qDES
	= 6030 W
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Figure 9.3. Design cooling load components for the Whole System Design solution
Source: The Natural Edge Project (2008)
This Whole System Design solution is not the optimal available solution, it is merely an improved solution. Optimising the solution requires comparing system performance and costs resulting from incorporating all other reasonable combinations of the house components, and then selecting the most fitting solution for the occupant. Note that simply integrating the best technologies for each component often does not yield an optimal solution,
 so it is important to consider any house component change against the performance of the whole system, not just the component itself. Restated, design and optimise the whole system – Element 3. The Design Challenge, even with its assumptions and simplifications, allows for several house component changes. Such a task is complex and repetitive, and beyond the scope of this unit.
Calculate the cost of the system

Costs are presented for house components that differ from the conventional solution.
HVAC

The HVAC system needs to be rated at least qDES = 6.1 kW. 
Select:

· Panasonic CS-F24DD1E5/CU-L24DBE5

· Output power: 6.3 kW

· Input power: 2.09 kW

Capital cost
: AU$1780

In Canberra, Australia, a residential air conditioner runs for about 150 h/yr.
 With electricity costing about AU$0.18/kWh (2006 price for residential supply), the running cost of the HVAC system in the Whole System Design solution is:
Running cost: (2.09 kW) (150 h/yr) ($0.18/kWh) = AU$56/yr 
Windows

There is 28 m2 of triple glazing and 80m of wooden window frame.

· Triple glazing: AU$450/m2
· Wooden window frames with seals: AU$20/m of window perimeter

Capital cost: (28 m2) ($450/m2) + (80 m) ($20/m) = AU$14,200

Electrical Appliances

Appliances in the Whole System Design solution are assumed to be 10% more energy efficient, on average, than those in the conventional solution. It is assumed that the efficient appliances were identified through ‘shopping around’ and thus their total capital costs are the same as for the less efficient appliances.

The input power of all electrical appliances totals 3.6 kW, and all appliances run 10% of the time, on average.

With electricity costing about AU$0.18/kWh (2006 price for residential supply), the running cost of the electrical appliances in the Whole System Design solution is:



Running cost: (0.1) (3.6kW) (24 hr/day) (365 days/yr) ($0.18/kWh) = AU$568/yr

Electrical lighting

Compared to the conventional solution, the window configuration of the Whole System Design solution (larger windows on northern and southern façades) allows more natural daylight into the house throughout the day. Consequently, all lamps are likely to be on for fewer than 2000 hours per year. However, for simplicity, this assumption is maintained. That is, all thirty 15 W lamps operate for 2000 hours per year. The costs or the ballasts for fluorescent lamps can be avoided by selecting the compact variety, which are directly interchangeable with incandescent lamps.
· 15 W lamp: AU$9/lamp for 8000 hour life
Capital cost: (30 lamps) ($9/lamp) = AU$270

With electricity costing AU$0.18/kWh (2006 price for residential supply), the running cost of the electrical lighting in the Whole System Design solution is:
Running cost: (30 lamps) (0.015 kW) (2000 h/yr) ($0.18/kWh) = AU$162/yr
Additional costs

The Whole System Design solution incorporates some components that do not appear in the conventional solution. 

· Trees: 4 trees for shading the northern and southern façades at a cost of AU$100 each.

Capital cost: (4 trees) ($100/tree) = AU$400
· Roof overhang: larger roof overhang to provide shading at a cost of AU$10/m of house perimeter.
Capital cost:
 (20m + 10m + 20m + 10m) ($10/m) = AU$600
· Construction: Extra seal components for windows, doors, joints and other locations of potential air leak at a cost of AU$5/m of house perimeter.
Capital cost: (20m + 10m + 20m + 10m) ($5/m) = AU$300
See Table 9.6 for a summary table.
Summary: Performance Comparisons
A comparison of system performance and costs helps to highlight the efficacy of Whole System Design for residential housing and the building industry in general.
Cooling load
Table 9.6 and Figure 9.4 compare the cooling loads of the two solutions. 
Table 9.6: Comparing the cooling loads for the two solutions
	Cooling
Load

Component
	Conventional

Solution
	WSD

Solution

	External 

	qW
	853 W
	680 W

	qR
	1314 W
	1314 W

	qD
	44 W
	44 W

	qG
	2384 W
	1660 W

	qIS
	1190 W
	680 W

	qIL
	127 W
	73 W

	Internal

	qOs
	308 W
	308 W

	qOL
	334 W
	334 W

	qL
	765 W
	41 W

	qA
	500 W
	450 W

	Totals

	qC
	7820 W
	5583 W

	qDES
	8445 W
	6030 W
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Figure 9.4. Comparing the cooling loads for the two solutions
Source: The Natural Edge Project (2008)
The design cooling load, qDES, for the Whole System Design solution is 29% lower than that of the conventional solution. The majority of the performance improvements are from external sources – 20% lower qW, 30% lower qG, and 42% lower qIL. The internal cooling loads were relatively similar or the same because those loads are usually occupant dependent. The only exception is the artificial lighting, for which the use of fluorescent lamps reduced the associated cooling load by 95%.
Cost
Table 9.7 compares the costs of the two solutions. 

Table 9.7: Comparing the costs of the two solutions
	House

Component
	Conventional

Solution
	WSD

Solution

	Capital Cost

	HVAC
	$2500
	$1780

	Electrical lighting
	$30
	$270

	Windows
	$12,080
	$14,200

	Trees
	
	$400

	Roof overhang
	
	$600

	Construction
	
	$300

	Total
	$14,610
	$17,550

	Annual Running Cost

	HVAC
	$89
	$56

	Electrical lighting
	$1080
	$162

	Electrical appliances
	$631
	$568

	Total
	$1800
	$786

	Life Cycle Running Cost


	15 years
	$19,282
	$8,420

	30 Years
	$26,577
	$11,605


The total capital costs for both solutions are dominated by the costs of the windows. However, the results in Table 9.7 only indicate the costs of those house components that differ between the two solutions. The capital costs for the rest of the house (worth hundreds of thousands of dollars) would dwarf the capital costs in Table 9.7. Thus a meaningful comparison considers the absolute difference (not percentage difference) in total capital cost. By the same argument, a meaningful comparison of running cost considers the absolute difference in running cost.
With the exception of the fluorescent lamps, it is unlikely that the more expensive components of the Whole System Design solution would be cost effective on their own. However, when combined, the more expensive house components offset some of the total capital cost by making suitable a smaller and cheaper HVAC system. That is, from an economic perspective, the system of components is more valuable than the simple sum of individual components.
The main economic advantage of the Whole System Design solution arises in its lower running costs. Table 9.7 shows that for a roughly AU$3000 higher capital cost, the Whole System Design solution saves about AU$1000 per year, which gives a pay back period of about three years. More importantly, the savings in running cost equate to about $11,000 over 15 years or $15,000 over 30 years (assuming that the cost of electricity remains constant). 
Multiple benefits

Element 4, ‘Account for all measurable impacts’, helps to bring to light the full scope of the benefits of a Whole System Design building over a conventional building. Whole System Design/low energy buildings not only have lower capital and running costs than their conventional equivalents, they also:

· Lower greenhouse gas emissions since the electricity saved usually comes from electricity producers, of which the largest portion are coal fired. 

· Lower energy consumption, which makes viable renewable energy technologies that currently cost more per unit of power generated than purchasing grid electricity. The capital cost savings of a Whole Systems Design solution can offset the capital cost of the renewable energy technology, which will thereafter save on electricity costs and eventually pay itself off. On site renewable energy technologies also improve power service reliability both locally and to the wider community.

· ‘… sell or lease faster, and retain tenants better, because they combine superior amenity and comfort with lower operating costs and more competitive terms. The resulting gains in occupancies, rents, and residuals all enhance financial returns’.

· Provide ‘… greater visual, thermal, and acoustic comfort [which] creates a low stress, high-performance environment that yields valuable gains in labor productivity, retail sales, and manufacturing quality and output. These improvements in turn create a key competitive advantage, and hence further improve real estate value and market performance’.
 In many organisations, labour costs are several fold greater than energy costs. This leverage point turns small labour productivity improvements into large economic savings.

· Require fewer materials to build and operate because active technologies are smaller or sometimes even eliminated. Reducing active technologies reduces the required structural integrity, noise insulation and heat insulation of the building.
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Design Challenge: Design a north-facing, single storey house for the family unit of two parents and three children. The house is located in Canberra, Australia. Include a HVAC system if necessary.


Design Process: The following sections present: 


General Solution: A solution for any single story house in Canberra, Australia, incorporating a set of assumptions


Conventional Design solution: Conventional system with limited application of the Elements of Whole System Design


Whole System Design solution: Improved system using the Elements of Whole System Design


Performance comparison: Comparison of the economic and environmental costs and benefits











5. Design and optimise subsystems in the right sequence
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6. Design and optimise subsystems to achieve compounding resource savings





3. Design and optimise the whole system





7. Review the system for potential improvements





Building envelope, facades and surfaces





Sky lights and daylighting





Passive solar heating (cells or piping)





Passive cooling/ventilation through orientation





Passive technologies





Electrical appliances





Artificial lighting





HVAC





Active technologies





Technical Design Portfolio





4. Account for all measurable impacts





8. Model the system
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