The Effectiveness of Adding Horizontal Greening and Vertical Greening to Courtyard Areas of Existing Buildings in the Hot Summer Cold Winter Region of China: A Case Study for Ningbo
Li Zhileia, *Chow, DHCb, Yao Jianc, Zheng Xiaoa, Zhao Weib.
a Ningbo Housing Building Energy Efficiency Scientific Technology Co. Ltd., Ningbo, China.

b Environment, Sustainability and Technology in Architecture (ESTA), School of Architecture, University of Liverpool, Liverpool, UK.
c Research Center for Green Building Technology, Faculty of Architectural, Civil Engineering and Environment, Ningbo University, Ningbo 315211, China
*Corresponding author: David.Chow@liverpool.ac.uk , tel. +44 (0)151 794 2593
ABSTRACT
The “Hot Summer Cold Winter” climate region of China is one of the most challenging regions for providing occupant comfort in buildings, with high demands for heating as well as cooling, together with high humidity levels. Although the performance of buildings has improved with the implementation of the new Chinese National Building Standards for the Zhejiang Province, it is believed that adding passive strategies could help to alleviate the problem even further. This paper aims to investigate the effects of adding horizontal greening (green roof) and vertical greening in the courtyard area to existing public buildings in the “Hot Summer Cold Winter” climate region of China. Using computer simulation and measurements from a monitored case in the city of Ningbo, the effects of green retrofitting on human comfort and energy consumption are analysed. Simulation results suggest that with partial horizontal and vertical greening, the cooling load could be reduced by 8.8% and heating load by 1.85%. Comparisons between actual energy use before and after greening on the case building showed significant reductions in both winter and summer, confirming the positive effects of vertical and horizontal greening of public buildings in this region. 
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1. INTRODUCTION
Since the opening of the economy in 1979, rapid growth and development in China has led to a remarkable increase in energy consumption. Although there is currently no unified understanding of the exact status quo of the energy consumption in the building sector in China [1], it is widely believed that it is responsible for at least 27.5% of the national total energy consumption [2] [3]. A more recent study found that the Chinese building industry accounted for 53.3% of total energy increase in China during the period 2007 to 2015 [4]. For urban residential buildings, the energy consumption excluding heating rose from 91.05 Mtce (Megatonne of coal equivalent, equal to 10x109 kgce) in 2001 to 210.34 Mtce in 2013, rising at a rate of 9.94 Mtce per year [1]. This is mainly due to an increase in the number of buildings, as the energy consumption per unit area has remained relatively stable (varying between 7.82 and 10.27 kgce / m2) during this period. The trend for the energy consumption of public buildings is similar, reaching 237 Mtce in 2013. However, unlike urban residential buildings, there is a very significant increase in energy consumption per unit area, rising from just over 5 kgce / m2 in 2001 to almost 10 kgce / m2 in 2013. In 2012, urban population in China outgrew that in the rural area (National Bureau of Statistics of China 2012), and with rapid urbanisation, there are new challenges for urban buildings in China. Urban Heat Island effects have been studied extensively in many regions of China [5] [6]. Shen et al. has found that urban heat island effects account for a cooling load increase of 10.8% in the city of Ningbo [7].
The effects of green roofs as mitigation to urban heat islands have been documented in many studies around the world 
 ADDIN EN.CITE 
[8-10]
, and although not as widely studied, the effects of green facades are also well-established 
 ADDIN EN.CITE 
[11-13]
. Perini et al. looked intensively at the effects of vertical greening systems on air flow and temperature on the building envelope for three sites in the Netherlands [14], and also in a later article, the ecological and environmental benefits [15]. Rakhshanandehroo et al. also discussed about the benefits and threats  of vertical greening [16], providing a balanced argument for both the opportunities and challenges of the installation of green facades, Othman et al. studied the feasibility of vertical greening in tropical climates [17], whereas Pérez-Urrestarazu provided an overview of studies on vertical greening and its application [18]. In terms of energy saving as a result of horizontal or vertical greening, Perini et al also studied the effects of vertical greening on reducing energy consumption for air-conditioning in Mediterranean regions, with a potential saving of 26% in the summer season [19], whereas Pan and Chu has shown that for a 8.22 m2 flat in Hong Kong, daily electricity saving by vertical greening in sunny, cloudy, and rainy day in the summer could be 1.30, 0.84 and 0.71 kWh respectively [20]. However, relatively few studies have been conducted on the situation of retrofitting buildings in China. Previous studies have looked at the application of woody vines to facades in cities in Northern China [21] and the ecological effects of various species for vertical greening in South China [22], as well as studies on urban greening in Beijing [23], but very few studies have been conducted for the “Hot Summer Cold Winter” zone of China [24]. Studies on the effects of introducing both green roofs and green facades to existing buildings which already abide to the latest building regulation, to see how much extra energy reduction they can provide, is also rather limited. There is a practical issue with green façade studies in China, and that is most commercial and public buildings do not favour having green façades on its outer faces. Thus, this study will investigate the case of installing vertical greening within the courtyard area of a public building and analyse the effects. Due to the self-shading characteristic that is inherent within a courtyard space, it is predicted that these will have reduced effectiveness compared to vertical greening on outer facades. However, these cases will be much more applicable in China.

Comparing with locations at the same latitude across the world, this region has the hottest summer temperatures, and the coldest winter temperatures [25]. The introduction of green roofs and green facades could also be a significant way of mitigating the effects of increasing urban heat islands in the major cities in this region. This article aims to investigate the theoretical and monitored effects of retrofitting of green roofs and internal green facades to public buildings that already abide with the latest building regulations in a typical city in this region, Ningbo.
1.1. THE SITUATION IN NINGBO
Ningbo is a sub-provincial city in the Zhejiang Province, located in the east coast of China, about 150 km south of Shanghai, in the economically-advanced coastal region of China. Climatically, it is situated in the aforementioned “Hot Summer Cold Winter” zone of China, as shown in Figure 1 [26]. Over the last twenty years, Ningbo’s Gross Domestic Product (GDP) has an average annual growth rate of more than 14%, and the increase in energy consumption is comparable [27]. According to the Ningbo Construction Committee, there are around 400 million square metres of existing buildings in Ningbo, with an annual growth rate of 3%, and these consume over 28% of the total energy consumption in the city. Although there are more and more new buildings being constructed in Ningbo, there still remain a high percentage of existing buildings. Due to a lack of earlier building standards in the region, these buildings are inherent “intensive energy consumers”.
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Figure 1: Climate regions of China and the location of Ningbo

1.1.1.  Greening of buildings in Ningbo

Zhejiang Province has been at the forefront of promoting green buildings in China, and as its 2nd largest city, Ningbo is also naturally one of the leading cities in providing sustainable buildings in China. In July 2018, Zhejiang Provincial Department of Housing and Urban-Rural Development published the “Technical guideline for special planning’s compilation of green building in Zhejiang Province”. The aim was to enhance and to implement the already-existing national and provisional guidelines and targets for reduction in energy consumption, and the development of green buildings. Under this new guideline, buildings are subject to mandatory requirements set for different regions within the province as well as requirements associated with the building type. 
There is a special mention for public buildings, which are seen by the government as pioneers for sustainable buildings. Thus, many government public buildings are used as pilot studies for various sustainable strategies. This paper investigates one such case.
2. METHODOLOGY
As part of this new requirement for the development of green buildings in the region, this study aims to use the Ningbo Construction Committee Training Centre (NCCTC) as a typical public building in the city of Ningbo for investigation. Firstly, using the computer simulation software DesignBuilder, an analysis was conducted to assess the potential reduction in energy consumption by the addition of horizontal greening and vertical greening to the courtyard facades of the existing building. This was then verified by monitoring areas of greening in the actual building, against adjacent areas without greening. Comparisons between the energy usage before and after retrofitting were also conducted to analyse the effects on energy load.
2.1. DesignBuilder
DesignBuilder is a simulation software tool for validating building energy, carbon, lighting and comfort performance [28]. It uses the simulation engine of Energy Plus, developed by the Lawrence Berkeley National Laboratory in the USA, and was developed to simplify the process of building simulation, DesignBuilder allows users to rapidly compare the function and performance of building designs [29].
2.2. Building Description
The Ningbo Construction Committee Training Centre (NCCTC) is located in the city centre of Ningbo in the Zhejiang Province of China. The original building was built in 1992, with a total floor area of 2747.4m2, covering a land area of 1631.2m2.  Energy-saving retrofitting strategies for NCCTC began in December 2007 and finished a year later. This was to bring the building to be up-to-date with the requirements of the latest Building Regulations for Public Buildings in Ningbo. The effects of these strategies were described in an earlier paper [30].

2.2.1. Vertical and Horizontal Greening Retrofitting
In 2015, in line with the implementation of plans to develop greener buildings in the Zhejiang Province, it was decided that vertical and horizontal greening will be installed to the NCCTC. Work commenced in September 2015 and completed in October 2016. The scope includes the vertical greening vertical walls in the central courtyard area, as well as the installation green roofs at two levels. The project made full use of different site conditions, using mainly vines that climb on self-contained vertical steel structure for the main vertical greening. 18 different deciduous plant species were used, including: vine, rose, linseed and wisteria. Italian vine was also planted on the sides subject to direct sunlight, and plants such as ivy and mosaic on the shaded parts of the building (Figure 2a). Pot plants were also placed and protected using aldehyde-free solid wood composite panels (Figure 2b). The combined effect is shown in Figure 3. For the installation of green roof, a simple block installation system as shown in Figure 4 was used.
The total façade area covered with vertical greening is 350m2, compared to 830m2 not covered with vertical greening. For the roof, 300m2 of the area in covered with green roof, leaving the remaining 500m2 of roof area uncovered.
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(a)                                                                      (b)

Figure 2: (a) Vertical Greening in the Central Courtyard Area; (b) Pot plants placed horizontally as part of the vertical greening strategy
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Figure 3: The combination of vertical climbing vine and horizontal pot plants used for courtyard façade greening

[image: image5]
Figure 4: Green Roof with Block Installation of Square Modules
2.3. Computer Simulation

Before actual data was collected from NCCTC, during the installation period, a computer simulation analysis using DesignBuilder was conducted to predict the potential of greening retrofitting for this building. The general building information and construction details used as input in DesignBuilder are as built and are shown in Tables 2 and 3.
Table 2: General Building Information for NCCTC for DesignBuilder

	Building Area
	3770 m2

	Shape Coefficient
	0.42

	East Facade Window-to-Wall Ratio
	0.26

	South Facade Window-to-Wall Ratio
	0.24

	West Facade Window-to-Wall Ratio
	0.40

	North Facade Window-to-Wall Ratio
	0.32


Table 3: Construction Information for NCCTC for DesignBuilder

	Construction
	

	Roof 
	Cement mortar (20mm) + extruded polystyrene board (40mm) + cement mortar (20mm) + light aggregate concrete slope (80mm) + reinforced concrete (120mm)

	Wall Type 1
	Cement mortar (8mm) + polymer insulation mortar 300 (30mm) + clay perforated brick (KP1 type) (240mm) + lime cement mortar (20mm)

	Wall Type 2
	Cement mortar (8mm) + polymer insulation mortar 300 (30mm) + sand aerated products (240mm thick) (B05 grade) (240mm) + lime cement mortar (20mm)

	Window
	Insulation metal profile window frame U-value ≤5.8[W/(m2K)], frame area ≤20%, light transmission Low-E+12 air+6mm transparent in 6mm, self-shading coefficient 0.5,  U-value: 2.6 W/m2. K


For the green roofs, the soil depth was set as 0.3m, and the Leaf Area Index (LAI) at 2.7. This was a close estimate of the actual green roof installed at the NCCTC. As a result, the U-Value of the roof is reduced from 0.64 W m-2 K-1 to 0.36 W m-2 K-1. For vertical greening, there is currently no setting for modelling this in DesignBuilder, so a compromised method is used. Low-e double glazing were installed after the initial retrofitting in 2007. These have a Solar Heat Gain Coefficient of 0.5. This setting was further reduced to 0.35 to simulate the effect of vertical greening for windows that have external vertical greenery (Table 4). This reduction is in accordance in several previous studies [31, 32], where one layer of vertical greenery further reduces the solar heat gain by 30-37%. A low-end 30% further reduction was used in this estimation to prevent over-estimation of the potential of the vertical greening. The Summer Design Temperature was set at 26°C, and 20°C in winter.
Table 4: U-Values and Shading Coefficients for NCCTC for DesignBuilder

	Building Element
	U-Value (W m-2 K-1)
	Shading Coefficient

	
	Before Greening
	After Greening
	Before Greening
	After Greening

	Roof
	0.64
	0.36
	N/A
	N/A

	Exterior Walls
	1.02
	1.02
	N/A
	N/A

	Exterior Windows
	2.6
	2.6
	0.5
	0.35


2.4. Data Monitored from Real Building
After the vertical and horizontal greening were installed, internal temperatures were measured on the greened and non-greened parts that are adjacent to each other on the building. Energy consumption for heating and cooling for December / January and July / August were also compared.

2.4.1. Internal Temperature Measurement Comparisons
Figure 5 shows the positions of adjacent parts of the building where the interior surface temperatures were monitored. Five specific spots (A to E on figure 5) were chosen as internal monitored spots for this comparison (A and E are ceilings, B and C are windows, D is a solid wall). These are located close to the borders where vertical and horizontal greening were installed, hence it was possible to measure the internal surface temperatures to analyse the extent of temperature reduction by having vertical or horizontal greening on the outside. Pairs of sensors were placed (one for the non-greened part and the other for the greened part) in these five spots, and the internal temperatures were measured.
This monitoring was conducted during both the heating and cooling seasons. Measurements were recorded every 10 minutes from 24th Aug to 1st Sep 2017 for the summer period, and from 24th Dec to 30th Dec 2017 for the winter period. 

[image: image6]

Figure 5: Positions (A to E) where adjacent measurements were monitored in NCCTC

2.4.2.  Comparison of Heating and Cooling Energy Consumption Before and After Greening Retrofit
The actual effects of vertical and horizontal greening retrofit on energy consumption were also analysed. As part of the energy-reduction retrofit in 2007, smart meters were installed, so the exact energy used for heating and cooling could be separated out from the overall energy usage. In this study, heating and cooling energy loads were compared for the months December / January and July / August. Since energy consumption for space conditioning depends largely on the external temperature experienced in the year, comparisons of the effect of horizontal and vertical greening can only be made if the external temperatures were similar. Based on monthly average values for daily maximum, minimum and average temperatures, the summer period of July / August 2013 matched closest to the summers of 2017 and 2018. Similarly, the winter (Dec / Jan) of 2012-2013, together with the winter of 2013-2014 also matched well with the winters of 2016-2017 and 2017-2018. Thus, these were the years selected for comparing the energy consumption for space conditioning before and after greening.

In order to explore more of the available data, since space conditioning consumption is related to external temperatures, three new coefficients were calculated for all years from 2011 onwards, where the monthly energy consumption (ECm), were divided by the monthly maximum temperature (Tmax_m), monthly minimum temperature (Tmin_m), and monthly average temperature (Tave_m), respectively to normalise the effect of temperature (Equations 1-3), This was done for the monthly maximum, minimum, as well as the average values, as for some seasons, the relationship maybe more related to the monthly extremes. The resulting kmax_m, kmin_m and kave_m from before and after greening were then analysed using a standard statistical t-test to determine whether there are significant evidence to suggest the values after greening used less energy. The null hypothesis are that the means for values before and after greening are equal, and the alternative hypothesis are the means for after greening are smaller than those for before greening. A standard confidence level of 95% was used.
kmax_m = ECm / Tmax_m

… Equation 1

kmin_m = ECm / Tmin_m

… Equation 2

kave_m = ECm / Tave_m

… Equation 3

3. Results

3.1. Computer Simulation on Average Internal Temperature
Figure 6 shows the differences of average indoor temperatures of the simulated building with and without vertical and horizontal greening added. The difference is not great, yet detectable, with a temperature reduction of up to 1°C after the installation of greening. 
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Figure 6: Monthly Average Temperatures for NCCTC before and after greening using DesignBuilder
Table 5 shows the simulated energy consumption differences between the two scenarios. Ignoring the energy consumption for equipment and lighting, which remained the same in both cases, the total space conditioning energy load before greening was 257,518 kWh, and 240,617 kWh after greening. This is a reduction of 16,900 kWh, or 4.49 kWh/m2, and represents a reduction of 6.56%. Analysing heating and cooling separately, it can be seen that the majority of the saving comes from cooling, with it contributing to 4.08 kWh/m2 of the saving, which is nearly 10 times that for the saving from heating (0.41 kWh/m2). Percentage-wise, vertical and horizontal greening produced a reduction of 8.83% in cooling energy load, and a 1.85% reduction for heating load.
Table 5: Modelled energy loads for NCCTC before and after greening is applied

	
	Before Greening
	After Greening

	
	Total Load 

(kWh)
	Load per unit area (kWh / m2)
	Total Load (kWh)
	Load per unit area

 (kWh / m2)

	Cooling Load
	174,003.42
	46.22
	158,647.37
	42.14

	Heating Load
	83,514.79
	22.18
	81,970.05
	21.77

	Equipment
	101,652.89
	27.00
	101,652.89
	27.00

	Lighting
	74,332.77
	19.74
	74,332.77
	19.74

	Total
	433,503.87
	115.15
	416,603.08
	110.66

	
	
	
	
	

	Total Space Conditioning
	257,518.21
	68.40
	240,617.42
	63.91


3.2. Internal Temperature Measurement Comparisons from Real Building

Internal surface temperatures were recorded every 10 minutes using sensors on the five selected locations where there is greening and non-greening adjacent to each other. The average temperatures for the winter and summer periods are shown in Table 6. 
Table 6: Summer and winter average surface temperatures for selected monitor locations 
	Location 
	Part of Building
	Measurement 
	Average temperature measured (summer) (deg C)
	Average temperature measured (winter) (deg C)

	A
	5th floor

(ceiling)
	Ceiling of corridor (1.2m in width)
	with green-roof above
	On ceiling slab
	32.2
	16.8

	
	
	
	without green-roof above
	
	32.7
	17.0

	B
	4th floor

(north facing)
	Window of corridor (1.2m in width)
	with vertical greening outside
	Inside glazing pane
	31.1
	12.6

	
	
	
	without vertical greening outside
	
	32.6
	12.8

	C
	4th floor

(west facing)
	Window of corridor (1.2m in width)
	with vertical greening outside
	Inside glazing pane
	32.5
	13.2

	
	
	
	without vertical greening outside
	
	33.6
	13.9

	D
	5th floor

(west facing)
	Wall of corridor (1.2m in width)
	with vertical greening outside
	Inside wall
	32.7
	16.4

	
	
	
	without vertical greening outside
	
	33.4
	16.6

	E
	4th floor

(ceiling)
	Ceiling of lecture room (106m2 in area)
	with green-roof above
	On ceiling slab
	30.9
	14.3

	
	
	
	without green-roof above
	
	31.0
	14.6


For the monitored days during summer (24 Aug to 1 Sep 2017), the daily maximum solar radiation reaching on the surface all exceeded 1000 W/m2 (Figure 7), providing a good indication of the effectiveness of the extra greening on blocking solar energy reaching the building envelope. As shown in Table 6, during summer, there is an average difference in surface temperature of 0.5°C on the 5th floor ceiling and 0.1°C on the 4th floor ceiling (most probably due to the fact that the part is heavily shaded by the higher 5th storey, so the effect of the horizontal greening here is limited). For the vertical surfaces, there is a 1.5°C difference on the north-facing window, 1.1°C difference on the west-facing window, and 0.7°C difference on the west-facing wall.

[image: image8]
Figure 7: Measurements of horizontal solar radiation during the monitored dates in summer

Looking at the situation in winter, on average, the locations with greening all have a slightly lower temperature than adjacent areas without greening (from around 0.2°C to 0.7 for west-facing window), which has a negative impact to the heating load. However, this small amount could be considered insignificant compared to the temperature reductions achieved in summer, and the overall effect in the reduction of space conditioning energy consumption and indoor comfort is highly positive.
Figures 8-12 show the actual hourly profiles for the interior surface temperatures for all five locations. For the vertical surfaces, it was as expected that the west-facing windows were subject to the higher temperatures than the north-facing one, followed the west-facing opaque wall. Looking at the maximum simultaneous reduction in surface temperature, this followed a similar trend, with west-facing window having a maximum reduction of around 12°C (56°C to 44°C), the north-facing window 6.5°C (41.5°C to 35°C), and the west-facing wall around 1°C. For the ceilings with green roofs above, the higher 5th floor expected recorded significantly higher temperatures, and there is a maximum reduction of 4°C (39.5°C to 35.5°C) on the hottest day. On the much shaded 4th floor, there is a detectable reduction in temperature with the green roof above, but the difference is less than 1°C.
This demonstrates that as well as reducing the average internal surface temperatures, vertical and horizontal greening is even more effective in the reduction of internal surface temperatures during very high temperatures. This effect is obviously more pronounced with glazing (even with a north-facing window), but is also significant for green roofs, and opaque walls.


[image: image9]
Figure 8: Comparison of summer hourly ceiling temperatures with and without green roof above (location A)
[image: image10.emf]23.0

25.0

27.0

29.0

31.0

33.0

35.0

37.0

39.0

41.0

43.0

16:00:0021:00:0002:00:0007:00:0012:00:0017:00:0022:00:0003:00:0008:00:0013:00:0018:00:0023:00:0004:00:0009:00:0014:00:0019:00:0000:00:0005:00:0010:00:0015:00:0020:00:0001:00:0006:00:0011:00:0016:00:0021:00:0002:00:0007:00:0012:00:0017:00:0022:00:0003:00:0008:00:0013:00:0018:00:0023:00:0004:00:0009:00:00

Measured Temperature (deg C)

Time of measurement (24 Aug to 1 Sep 2017

)

Inside Window Temperature of 4th Floor North-Facing Facade (Summer)

4th Floor North Facing Window (no vertical greening)

4th FloorNorth Facing Window (with vertical greening)


Figure 9: Comparison of summer hourly inside-window temperatures with and without green façade outside (location B)
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Figure 10: Comparison of summer hourly inside-window temperatures with and without green façade outside (location C)
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Figure 11: Comparison of summer hourly inside-wall temperatures with and without green façade outside (location D)
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Figure 12: Comparison of summer hourly ceiling temperatures with and without green roof above (location E)

3.3. Energy Consumption Comparisons from Real Building

Having established the effect of horizontal and vertical greening on the internal surface temperatures, it is important to see how this translates to possible reduction energy consumption. As the NCCTC had smart meters installed in its initial retrofitting in 2007, it is possible to get data for its heating and cooling energy consumption before and after vertical and horizontal greening has been installed. A comparison of the total annual energy consumed for space conditioning is shown in figure 13, and the average consumption for the years before greening is 156,114 kWh compared with 113,996 kWh for after greening. However, to obtain a more feasible comparison, years with similar temperature values before and after greening were selected for a fair comparison. Figure 14 shows the space conditioning energy consumption for the summer period of July / August 2013 with the summers of 2017 and 2018. Figure 15 shows the space conditioning energy consumption for the winter (Dec / Jan) of 2012-2013, 2013-2014 with that of the winters of 2016-2017 and 2017-2018.
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Figure 13: Comparison of total annual energy consumption for space conditioning before and after greening
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Figure 14: Comparison of cooling energy consumption before and after greening in July and August for years with similar temperatures
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Figure 15: Comparison of heating energy consumption before and after greening in 
December and January for years with similar temperatures
For the summer situation, it was clear that less energy was consumed for cooling in 2017 despite slightly higher temperatures than 2013 (a total of  14,556 kWh for the two months compared with 20,0370 kWh), representing a decrease of 28.5%. 2018 had an even lower value (11,936 kWh), but the temperatures were relatively milder. For winter, the winter of 2013-2014 is most comparable to that of 2017-2018, and again the energy consumption for heating is lower after greening (19,134 kWh compared with 13,718 kWh, representing a decrease of 28.3% which is similar to the percentage saving for the comparable summer case).
Monthly energy consumption for space conditioning is highly related to the external temperature. In order to test the differences before and after greening, values kmax, kave,  and kmin were derived by dividing the monthly consumption values with the monthly maximum temperature (Tmax_m), monthly minimum temperature (Tmin_m), and monthly average temperature (Tave_m) respectively to normalise the effect of temperature, Table 7 shows the results of the t-tests conducted for each case. The null hypothesis were rejected in all cases (using unnormalized energy consumption values, ECm, as well as kmax, kave,  and kmin),  For the normalised values, the probability values (P-values) of the summer energy consumption being not smaller after greening are extremely small (ranging from 0.10% to 0.23%). These values were significantly higher for the winter comparisons (ranging from 0.71% to 1.86%), though these values are still well-within the 95% confidence level used in the t-test, providing very strong evidence of energy reduction in space conditioning after the installation of vertical and horizontal greening. 
Table 7: T-test results for comparing ECm,, kmax, kave,  and kmin before and after greening.
	
	
	Mean
	Variance
	F
	F critical
	Assumed Equal Variance
	t-Stat
	t Critical
	P 
	Samples

	T-Test for EC_m before and after greening
	Before Greening (Summer)
	19193.72
	11635476
	2.0379
	8.8123
	Yes
	3.1550
	1.7823
	0.0041
	After Greening Significantly Lower

	
	After Greening (Summer)
	13246.06
	5709551
	
	
	
	
	
	
	

	
	Before Greening (Winter)
	18380.69
	7905382
	7.9072
	6.0942
	No
	3.9328
	1.8331
	0.0017
	After Greening Significantly Lower

	
	After Greening (Winter)
	14093.85
	999775
	
	
	
	
	
	
	

	T-Test for k_max before and after greening
	Before Greening (Summer)
	622.3513
	10206.39
	2.8734
	8.8123
	Yes
	4.2293
	1.7823
	0.0006
	After Greening Significantly Lower

	
	After Greening (Summer)
	391.0887
	3552.084
	
	
	
	
	
	
	

	
	Before Greening (Winter)
	1918.339
	157018.6
	1.5342
	6.0942
	Yes
	2.9159
	1.7959
	0.0070
	After Greening Significantly Lower

	
	After Greening (Winter)
	1302.754
	102345.3
	
	
	
	
	
	
	

	T-Test for k_ave before and after greening
	Before Greening (Summer)
	708.7521
	11850.28
	2.0194
	8.8123
	Yes
	4.3248
	1.7823
	0.0005
	After Greening Significantly Lower

	
	After Greening (Summer)
	448.3949
	5868.127
	
	
	
	
	
	
	

	
	Before Greening (Winter)
	2888.472
	481526.9
	2.1801
	6.0942
	Yes
	3.2967
	1.7959
	0.0036
	After Greening Significantly Lower

	
	After Greening (Winter)
	1719.705
	220878.6
	
	
	
	
	
	
	

	T-Test for k_min before and after greening
	Before Greening (Summer)
	790.802
	15392.49
	1.5228
	8.8123
	Yes
	3.8495
	1.7823
	0.0012
	After Greening Significantly Lower

	
	After Greening (Summer)
	520.6482
	10107.84
	
	
	
	
	
	
	

	
	Before Greening (Winter)
	5213.331
	6126631
	8.3170
	6.0942
	No
	2.8646
	1.8331
	0.0093
	After Greening Significantly Lower

	
	After Greening (Winter)
	2475.932
	736638.7
	
	
	
	
	
	
	


3.4. Comparing Simulation Energy Analysis with Real Monitored Data
In the earlier computer simulation, the reduction in cooling was 8.83%, and for heating, it was 1.85%, resulting in an overall reduction of space conditioning energy of 6.56%. However, in the comparison of energy consumption in the real building, the savings were significantly greater (28.5% for summer cooling and 28.3% for winter heating). There could be a number of reasons for this difference, for the real building, there is the uncertain and somewhat unpredictable nature of human controlled switching of heating and cooling. It could be argued that the designed heating and cooling set points are set differently to how occupants use the building in reality. Horizontal and vertical greening may have brought the interior temperatures to within the thermal comfort / acceptance range of the occupants, so heating and cooling were not switched on in several cases, thus the significantly greater reduction in energy consumption in both summer and winter was observed. Also, in the simulation, a rather simple technique of decreasing the SHGC was used on the windows, and this reduced amount may not be enough. Also benefits such as the increase in evapotranspiration of the plants, together with the creation of a more stable micro-climate were not taken into consideration.

This result is a good indication that, unlike most building energy simulation, the effects of using green roofs and green facades may actually be under-estimated in computer simulation, and they would provide greater benefits than anticipated.
4. Discussion

4.1. Internal Temperature Measurement Comparisons from Real Building
Sensors placed at adjacent points of the borders where greening was applied on the exterior showed significant differences in internal surface temperatures. For the vertical greening inside the courtyard, there are just two facades which were greened, the west-facing and the north-facing façade. As the glazing were already relatively well-shaded being from within the courtyard, the reductions achieved from greening was still significant. There was more reduction with the west-facing side than the north-facing side, especially during the hot afternoons with direct sunlight from the west. Significant temperature reductions were also recorded for a solid opaque wall with vertical greening outside and ceilings with green roofs above, though the reduction in these cases were naturally less than that for glazing.
4.2. Energy Consumption

From the results of both the computer simulation and smart meter readings from NCCTC before and after the installation of horizontal and vertical greening within the courtyard area, it can be seen that there is highly significant reductions in both heating and cooling energy. This was concluded first by comparing years before and after greening with similar temperatures, and also conducting a standard t-test with temperature-normalised data. The technique used to simulate vertical greening in the computer simulation was perhaps too simplistic, and this under-estimated its actual effect. Overall, savings of around 28% can be expected for both cooling and heating.

5. Conclusions

Using Ningbo as an example, this paper provided simulations and real monitoring to test the effects of adding horizontal greening, and also vertical greening to courtyard facades, to public buildings in the Hot-Summer, Cold Winter” region of China, using local plants and vegetation for such purposes. The building was recently refurbished to meet the latest building specifications set by the new Chinese National Building Standards for the Zhejiang Province, and this study quantified the further improvements from adding feasible horizontal and vertical greening. From the theoretical computer simulation, it was shown that the addition of both horizontal and vertical greening in the courtyard area gave significant reductions in both cooling and heating energy. Comparison of real smart meter readings suggest that actual savings are potentially even greater (up to around 28% for both cooling and heating, both significant in this climate region). One of the reasons for this is the reduction in interior surface temperatures due to the addition of greening, which was measured at five different sets of comparison spots in this study. Although external façade greening was not investigated in this study, it can be envisaged that this would potentially provide even greater effects, as the courtyard areas are already comparatively well-shaded. However, currently, this strategy is not as widely adaptable for public buildings in China. 
Overall, this case study demonstrated that for Ningbo, a city representable for most of the second / third tier cities located in the “hot summer cold winter zone” on the east coast of China, significant energy reductions can be achieved by simple installation of green roofs and vertical green façade in the courtyard area. Extra benefits in combatting urban heat islands will need to be investigated to assess the full potential of horizontal and vertical of buildings in this region.
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