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Abstract:



Urban designs that consider regional climatic conditions are one of the most important approaches for developing sustainable cities. In cities that suffer from heavy snow and cold winds in winter, an urban design approach different than that used for warm cities should be used. This study presents a scientific design process (the sustainable design approach) that incorporates environmental and energy assessments that use snow and wind simulations to establish guidelines for the design of urban blocks in high-rise and high-density districts so that the impact of snow and wind can be minimized in these cities. A city block in downtown Sapporo, Japan, was used as a case study, and we evaluated four conceptual models. The four models were evaluated for how they impacted the snow and wind conditions in the block as well as the snow removal energy. Based on the results, we were able to identify the design guidelines in downtown Sapporo: an urban block design with higher building height ratio without the mid-rise part can reduce the snowdrifts and lower the snow removal energy. The proposed sustainable urban design approach would be effective in improving the quality of public spaces and reducing snow removal energy in winter cities.
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1. Introduction


Urban design that considers snowy and windy conditions is ideal for cities that experience severe winters (hereinafter referred to as winter cities). In traditional urban designs for winter cities, skywalks and atriums are often proposed. However, constructing these designs is expensive and a considerable amount of energy is required to heat them, which makes them less environmentally friendly. Conversely, designs that control such snowy or windy conditions can reduce the impact of these conditions and improve energy consumption in winter cities. Such designs consider, for example, where a building will be built and of what shape will it be.



Sustainable urban designs are particularly important for the downtown districts of winter cities. Downtown areas around the world have recently seen an increase in the number of high-rise and high-density developments within them. The high-rise and high-density buildings strongly affect public spaces (both streets and open spaces) as buildings with large volumes elicit large localized changes in an urban area’s environmental conditions. It is therefore necessary to study and develop urban designs for buildings and public spaces that can minimize the impact of snow and strong winds in the downtown areas of winter cities.



Using a high-density block in downtown Sapporo, Japan, as a case study, this research proposes a method for developing climate-responsive designs for urban blocks within winter cities and provides guidelines for designing such structures. To do this, we assessed a series of high-rise and high-density blocks with a variety of urban block designs using snow and wind simulations in a wind tunnel in order to determine the effect of various urban block designs on both the snow and wind conditions in various blocks as well as the amount of energy required for snow removal. Subsequently, we developed a set of guidelines based on the assessment results and summarized the process of developing sustainable urban block designs for winter cities.



The consideration of climatic aspects is one of the most important issues in urban design. Many scientific researches and public actions were attempted for a long time [1]. Recently, detailed analysis on the climatic impact of urban design has attracted academic interest with enhancement of simulation techniques; examples include the desirable exterior design for improving outdoor thermal environment [2], developing the guidelines to enhance the ventilation performance of existing buildings with studying vernacular architecture [3], the use of air ventilation in urban areas in order to reduce the occurrence of urban heat islands [4,5,6,7], improving pedestrian comfort [8,9], and urban designs that consider the impact of sunlight and wind [10]. Most previous studies have investigated warm regions; however, winter cities require a different approach [11,12]. As such, this study is focused on cold regions and considers urban design approaches used for winter cities.



Computational fluid dynamics (CFD) and wind tunnels are popular techniques for analyzing snow and wind conditions; for example, the studies mentioned in the paragraph above all used CFD to simulate wind flows [4,5,6,7,8,9,10,11,12]. Additionally, Tominaga et al. [13] and Okaze et al. [14] both developed CFD models of snowdrifts around a building. CFD simulations can be helpful in visualizing the relation between an urban design and snow and wind flows; however, these simulations cannot reliably simulate the complexity and uncertainty of turbulence in real-world conditions when they are applied at an urban scale [9,15]. Therefore, this study uses wind tunnels to analyze the snow and wind flows around a target block.



Table 1 summarizes the main areas that both previous studies and this study focused upon when using wind tunnels. Several previous environmental assessments of building designs have only simulated wind conditions using a wind tunnel; examples include analyzing the wind flow around high-rise buildings [16], estimation of natural ventilation flow rate for a detached house with monitor roof [17] and studying the wind pressure distributions and the response of a suspended roof due to turbulence [18].



Table 1. Prior studies on the effects of snow and wind where wind tunnels were used.







	
Simulation

	
Building Design

	
Urban Design






	
For Only Wind

	
Murota [16]

Kobayashi et al. [17]

Ishizaki et al. [18]

	
Kim, H et al. [15]

Meng, X et al. [19]

Bosselmann et al. [20]

Arens et al. [21]




	
For Wind and Snow

	
Anno [22]

Smedley et al. [23]

Yukawa et al. [24]

Mitsuhashi [25]

Yukawa et al. [26]

	
Setoguchi et al. [27,28,29,30,31,32]

Watanabe et al. [33]










Kim et al. [15], Meng et al. [19], Bosselmann et al. [20] and Arens et al. [21] produced useful studies of downtown San Francisco, California, United States, and they demonstrated the environmental impact of high- and mid-rise buildings using wind simulations conducted solely using a wind tunnel which compared San Francisco’s wind conditions in 1985 and 2013 using a wind tunnel [15,19,20,21]. Kim et al. [15] suggested that the planning guidelines enacted since 1985 were effective in improving the wind comfort in public spaces. Our study applies the wind planning methods from this study to its own research on snow.



Anno [22], Smedley et al. [23], Yukawa et al. [24], Mitsuhashi [25] and Yukawa et al. [26] all conducted snow simulations using wind tunnels. These studies were suitable for determining desirable building designs and locations in relation to snow and wind conditions; however, they did not consider the design of the broader urban space.



Setoguchi et al. [27,28,29] and Watanabe et al. [33] all considered the urban design process, including assessments of the impact of snow and wind on winter cities. By comparing high- and mid-rise buildings in Sapporo, Japan, [30,31] found that high-rise buildings more strongly impacted the surrounding snow and wind conditions than mid-rise buildings. Setoguchi et al. [32] also proposed a method for estimating the amount of energy required for snow removal using their simulations. Setoguchi et al. [28,29] discussed about the low-rise building design and Setoguchi et al. [27,30,31,32] and Watanabe et al. [33] discussed about the medium-density buildings with 500–800% Floor Area Ratio (FAR). The 500–800% FAR is equal to the current FAR in downtown Sapporo. However, the redevelopment projects with high-rise and high-density buildings are recently increasing along with the population concentration in the downtown area in Sapporo. Such high-rise and high-density buildings strongly affect the environment of the public spaces, because the structures are generally planned in high-traffic areas and the large volumes of the buildings cause very large changes in the environmental situations.



Based on the findings of these previous studies, our study focuses on high-rise and high-density buildings, considering both the impact of snow and wind in urban block designs and the energy required for snow removal before concluding with a set of guidelines on the urban block design process.




2. Method


2.1. Sustainable Urban Design Approach


Figure 1 shows a proposed sustainable design approach for winter cities that incorporates the environmental and energy assessments considered in this study. In recent years, the importance of environmental and energy assessments has been recognized and specific assessment procedures have been integrated and enforced in urban planning and architectural design. Most of these assessments, however, are performed after finalizing the planned building function and form. Any required changes that result from these assessments may be described as incidental. The proposed sustainable design approach for winter cities assesses the environment and energy in tandem with the planning process and reflects assessment results directly in the urban design.


Figure 1. Sustainable urban design approach for winter cities that incorporates environmental and energy assessments.
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As shown in Figure 1, this paper describes the first step in developing a new sustainable urban design approach. It considers urban block designs that incorporate environmental and energy assessments using snow and wind simulations and reports on the effectiveness of the new approach.




2.2. Snow Simulation


Snow simulation tests were performed using the boundary-layer wind tunnel at the Hokkaido Research Organization (HRO). The wind tunnel is 7-m long, 150-cm wide, and 70-cm high as shown in Figure 2a. Snowfall was replicated using compressed air that blew model snow out from the windward supply nozzle. The model snow was made from a white soil powder with a moisture content of 8.5%, an average diameter of 20 μm, and an angle of repose of 46°. Figure 2c shows the angle of repose for real snow in Hokkaido. The model snow was incrementally supplied to the wind tunnel at a rate of approximately 480 g/min; the total amount of model snow used per experiment was 10 kg. The depth of the model snow deposited in the wind tunnel was measured using an LK500 laser that was manufactured by Keyence, Japan. The model snow was deposited over the course of approximately 20 min, which was comparable to seven days of snowfall at 7 cm per day in a real environment. In the calculations, the one-week equivalent depth results were divided by seven in order to determine the average snow depth per day. The average wind speed in winter in downtown Sapporo is 2.46 m/s (Japan Meteorological Agency, 1992–2000). The wind conditions were simulated using the velocity and turbulence intensity profiles shown in Figure 2b. The wind speed in the wind tunnel was set such that it would be equal to the actual average wind speed using equations previously derived by [22]. Anno [22] developed Equation (1) to determine the wind speed at some reference height given the threshold-friction speed of the particles. In Equation (1), Up is the real-phenomenon wind speed at some reference height, Um is the experiment wind-speed value at some reference height, Ap and Am are constants, [image: ] is the real-phenomenon threshold-friction speed of the particles, and [image: ] is their experimental threshold-friction-speed value. When activated clay is used as model snow, Equation (1) is simplified as Equation (2). [image: ] was set to be 0.2 m/s based on the observation in the winter in Hokkaido [34]. [image: ] was set to be 0.3 m/s based on the result of the experiment using a wind tunnel [35]:


[image: ]



(1)






[image: ]



(2)






Figure 2. Snow simulation settings. (a) Wind tunnel; (b) Wind flow in experiments; (c) Activated clay (Snow model); (d) Simulation model.
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Previous research reported the reproducibility of this snow simulation method [22,36,37,38,39]. This study also proved successful in simulating snowfall and observed differences in snowdrift among the model building designs, using video and the wind simulation tests described below.



In Sapporo, a snowfall of 20 cm over 12 h triggers a heavy snowstorm warning; therefore, in this study’s snow simulation tests, snowdrifts over 20 cm were considered to be problematic for pedestrians and traffic.




2.3. Wind Simulation


Wind simulation tests were performed in the HRO’s boundary-layer wind tunnel. For each wind experiment, a total of 98 measurements were made on the street, on the sidewalk, and in open spaces. A thermistor anemometer (Climomaster model 6542 Kanomax, Osaka, Japan) was used to measure the wind speed. The anemometer stopped for 30 s at each sampling point in order to gather data at a height of 3 mm. The 30-s sampling time was adopted so that a stable average scalar value of the wind velocity could be obtained at each measurement point [40].




2.4. Building Models


For the snow and wind simulation tests, the target block building models were manufactured from Styrofoam at a 1:500 scale (Figure 2d). At a real-world scale, the model area would be 912.5 m in the northwest–southeast direction and 745 m in the northeast–southwest direction. The simulation times and results were proportional to the model’s 1:500 scale; this was achieved using the theory of homothetic ratios for model experiments [41].




2.5. Snow Removal Energy Consumption


Using the results from the snow simulations, we estimated the amount of energy required for snow removal along with the resultant CO2 emissions in the target area. The method used for this estimation was based on previous research [32]. Setoguchi et al. [32] estimated the amount of energy required for snow removal using the simulation result in the urban block with medium-density buildings. They divided the amount of snow into covering on the street and the sidewalks, calculated the energy required for transporting the snow on the street and melting the snow on the sidewalks, and estimated the snow removal energy. Table 2 lists the preconditions based on [32], while Table 3 summarizes the estimation process.



Table 2. Preconditions for snow removal energy and emissions estimations.







	
Basic Information

	

	






	
Natural snowmelt 1

	
3.76

	
cm/day




	
Density of snow in Sapporo 2

	
393.9

	
kg/m3




	
Fusion heat of snow 3

	
333

	
MJ/t




	
Transporting the snow covering the streets

	

	




	
Amount of snow per truckload

	
10

	
T




	
Distance from target area to snow dump and back

	
10

	
km




	
Fuel consumption by one truck (gas oil) 4

	
2.5

	
km/L




	
Caloric value for gas oil 5

	
37.7

	
MJ/L




	
CO2 emissions of gas oil 5

	
2.58

	
kgCO2/L




	
Road heating for the snow covering the sidewalks

	

	




	
Efficiency of road heating

	
20

	
%




	
Caloric value for heating oil 5

	
36.7

	
MJ/L




	
CO2 emissions of heating oil 5

	
2.49

	
kgCO2/L








1 Japan Meteorological Agency (2009–2014). 2 Hokkaido Northern Regional Building Research Institute, Study on snow disposal planning of detached house, No. 205, RESEARCH REPORT 2007.3. 3 Chronological Scientific Tables. 4 Referred the actual value measured by Japan Institute of Logistics Systems. 5 The list of calculation methods and emission coefficients in the compulsory system of calculation, report and publishment about greenhouse gases, Ministry of Environment, Government of Japan.








Table 3. Estimation process of the snow removal energy.







	
Estimated Items

	

	
Calculation Method






	
1) Snow cover amount on the streets

	
(m3/day)

	
St




	
2) Weight of snow on the streets

	
(t/day)

	
St × 393.9 × 10−3




	
3) Number of truckloads of snow

	

	
Ceil(St × 393.9 × 10−3 × 1/10)




	
4) Total distance the snow is hauled

	
(km/day)

	
Ceil(St × 393.9 × 10−3 × 1/10) × 10




	
5) Gas oil volume required for snow hauling

	
(L/day)

	
Ceil(St × 393.9 × 10−3 × 1/10) × 10/2.5




	
6) Required energy to transport the snow

	
(GJ/day)

	
Ceil(St × 393.9 × 10−3 × 1/10) × 10/2.5 × 37.7 × 10−3




	
7) CO2 emissions to transport the snow

	
(tCO2/day)

	
Ceil(St × 393.9 × 10−3 × 1/10) × 10/2.5 × 2.58 × 10−3




	
8) Snow cover amount on the sidewalks and open spaces

	
(m3/day)

	
Sm




	
9) Weight of snow on the sidewalks and open spaces

	
(t/day)

	
Sm × 393.9 × 10−3




	
10) Heat required to melt the snow

	
(GJ/day)

	
Sm × 393.9 × 10−3 × 333 × 10−3




	
11) Required energy to melt the snow

	
(GJ/day)

	
Sm × 393.9 × 10−3 × 333 × 10−3 × 1/0.2




	
12) Heating oil volume required for snow melting

	
(L/day)

	
Sm × 393.9 × 10−3∙333 × 10−3 × 1/0.2 × 36.7 × 10−3




	
13) CO2 emissions to melt the snow

	
(tCO2/day)

	
Sm × 393.9 × 10−3∙333 × 10−3 × 1/0.2 × 36.7 × 10−3 × 2.49 × 10−3




	
14) Total required energy for snow removal

	
(GJ/day)

	
Result of Equation 6) + Resut of Equation 11)




	
15) Total CO2 emissions from snow removal

	
(tCO2/day)

	
Result of Equation 7) + Result of Equation 13)










The amount of snow to be removed from the target area was determined using the snow simulation results. At each measurement point in the simulations, 3.76-cm snow was subtracted from the simulated snow depth to account for natural snowmelt, providing the actual amount of snow to be removed. The amount of snow to be removed from the entire target area, street, sidewalks, and open spaces was calculated as the total amount of snow to be removed at each measurement point (1 and 8 in Table 3).



Two methods are generally used for snow removal: transportation and melting. In this study, we assumed that the snow on the streets was transported out of the target area, while the snow on the sidewalks and open spaces melted. This assumption was based on the current snow removal procedures in Sapporo.

	(1)

	
Transportation: The weight of the snow was calculated using the amount of snow in the street and the density of snow in Sapporo (393.9 kg/m3; 2 in Table 3). By assuming that the snow was hauled by 10 t trucks, the number of truckloads required could be calculated using the weight of the snow (3 in Table 3). A trip to the target area and the nearest snow-piling space and back to the target area was of 10.0 km. The fuel consumed by one truck using gas oil is 2.5 km/L, and the caloric value of gas oil is 37.7 MJ/t. The amount of CO2 emitted in order to transport the snow was calculated using the CO2 emission rate of gas oil (2.58 kgCO2/L). The above estimation method showed the required energy and CO2 emissions to transport the snow (6 and 7 in Table 3).




	(2)

	
Melting: The weight of the snow was calculated using the amounts of snow on the sidewalks and in the open spaces along with the density of the snow in Sapporo (9 in Table 3). The energy required to melt the snow was calculated using the weight of the snow, the fusion heat of snow (333 MJ/L), the efficiency of the heating of a road (20%), the caloric value of the heating oil (36.7 MJ/L), and the amount of CO2 emitted by the heating oil (2.58 kgCO2/L). The above estimation indicated the required energy and CO2 emissions to melt the snow (11 and 13 in Table 3).









By summing the estimated results for the transportation and melting of the snow, we obtain the total snow removal energy (14 and 15 in Table 3).





3. Downtown Sapporo Case Study


Using a high-density block in downtown Sapporo, Hokkaido Japan, as a case study, this paper developed the desirable urban block design concepts in downtown Sapporo based on the sustainable urban design approach proposed in chapter 2.1 in order to verify the effectiveness of the new approach.



3.1. Winter Climate in Sapporo


The Hokkaido region, which is in northern Japan, experiences cold temperatures and heavy snowfall in winter (Figure 3b), and numerous cities and towns in this region face severe snow-related challenges. Figure 3a shows a comparison of the average depth of snow cover from December 2010 to February 2014 for cities located at a latitude of 40° N or higher and with populations over 1.5 million. Sapporo, which is located in the Hokkaido region, has one of the heaviest average annual snowfalls in the world [42,43,44,45]. Figure 3c depicts the typical winter conditions in Sapporo. Improved urban designs that could alleviate the snow-related challenges that this city faces are a necessity.


Figure 3. Information on the weather conditions in Sapporo in winter (a) Average snow cover depth (cm) (December–February/2010–2014); Source of the Population Data: Demographic Yearbook 2013 [42]; Sources of the Climate Data: NNDC Climate Data Online [43]; Weather Online Ltd.—Meteorological Services [44]; Weatherbase [45] (b) Location of Sapporo; (c) Former Hokkaido Government Office in downtown Sapporo in Winter.
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Figure 4a shows the total of amount winter snow in Sapporo. The ground is covered with snow for approximately five months in a year. The snow cover reached a depth of 113 cm on February 22, 2014. Figure 4b shows the wind data in Sapporo for winter; we can see that the wind blows strongly from the northwest, often bringing snow with it [46].


Figure 4. Snow and wind data in downtown Sapporo. (a) Snow cover data for Sapporo; Source of the Data: Japan Meteorological Agency, Past weather data [46] (b) Wind rose for Sapporo. Source of the Data: Japan Meteorological Agency, Past weather data [46]
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3.2. Target Simulation Area


The Odori district, which is a business and commercial center in downtown Sapporo, was originally designated as an urban core area in the Sapporo Urban Community Development Plan 2011 [47]. The target block considered in this study is located in this district. Figure 5a,b shows the location of the target block (dark shaded area). The target block faces Odori Park and Sosei River Street, and many pedestrians pass through it in the winter. A redevelopment project is currently underway north of the target block, and the target block will possibly be redeveloped in the near future.


Figure 5. Target area and block in downtown Sapporo. (a) Model area for snow and wind simulation; (b) Target block and target area for the assessment.
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3.3. Analysis of the High-Rise and High-Density Urban Block Designs in Downtown Sapporo


Figure 6 shows the urban blocks with high-rise buildings (the building heights are over 60 m) and high-density (the total FARs in each block are over 600%) in downtown Sapporo. The building heights in the urban blocks are classified into three groups [high-rise (over 60 m), mid-rise (45–60 m) and low-rise (under 45 m)] based on the boundaries of height in Japanese Building Standard Act. Analyzing the shapes of the urban blocks, there are the following three characteristics; (1) The high-rise buildings are built with low-rise parts (podiums). (2) The building height ratios (BHR; the ratio of the maximum building height to the average building height in the urban block) are classified into two groups [group A (BHR is more than 2.0) and group B (BHR is under 2.0)]. (3) The compositions of the high-rise structures (other than the low-rise parts and buildings) are classified into two groups [group 1 (high-rise and mid-rise parts) and group 2 (only high-rise parts)].


Figure 6. High-rise and high-density urban blocks in downtown Sapporo.
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Based on the three characteristics, the high-rise and high-density urban blocks in downtown Sapporo are classified into the four types of urban block designs (A1, A2, B1 and B2 in Figure 6 and Figure 7). The urban block design models that were planned based on the four types of urban block designs are shown in Figure 8. The FAR of all models were assumed to be 1000% to reflect the recent developments in the downtown area. All models had the same shaped podiums.


Figure 7. Typology of the urban block designs in downtown Sapporo.



[image: Sustainability 09 02132 g007]





Figure 8. High-rise and high-density urban blocks in downtown Sapporo.
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3.4. Process for Evaluating the Urban Block Designs


Figure 9 shows the process for evaluating the urban block design models. The four urban block design models are tested using snow and wind simulations in a wind tunnel. The models are evaluated using the results of the snowy and windy conditions as well as the energy required for snow removal. The evaluation has the following five steps in chapter 4:

	1)

	
Analyzing the common points in the group A (Case A1 and A2).




	2)

	
Analyzing the common points in the group B (Case B1 and B2).




	3)

	
Analyzing the differences between the group A and B to clarify the effect of the building height ratios.




	4)

	
Analyzing the differences between the case A1 and A2 to clarify the effects of the mid-rise parts in the group A.




	5)

	
Analyzing the differences between the case B1 and B2 to clarify the effects of the mid-rise parts in the group B.








Figure 9. Process for evaluating the urban block designs.
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4. Results and Discussion


4.1. Snow and Wind Conditions


The four urban block models were tested using snow and wind simulations in wind tunnels. The results of the simulations are shown in Figure 10, Figure 11, Figure 12 and Figure 13.

	1)

	
The common points in group A: Snowdrifts were formed on the open space along Odori Park (point A in Figure 10 and Figure 11). There was no snowdrift around the crossing of Sosei River Street and Kita 1-jo Street (point B in Figure 10 and Figure 11). There was no snowdrift on the sidewalk of Sosei River Street (point C in Figure 10 and Figure 11). No snowdrift was observed around the crossing of Sosei River Street and Odori Avenue (point D in Figure 10 and Figure 11). There was a large area around the southeast block wherein no snowdrift formed (point E in Figure 10 and Figure 11).




	2)

	
The common points in group B: Snowdrifts were formed on the open space along Odori Park (point A in Figure 10 and Figure 11). The snowdrift depths were almost same, 23.0 cm and 23.1 cm in the case B1 and B2 respectively, potentially causing problems for pedestrians. Snowdrifts formed on the sidewalk of Sosei River Street (point C in Figure 12 and Figure 13). Snowdrifts formed around the crossing of Sosei River Street and Odori Avenue and the snowdrift depths were 15.9 cm and 16.6 cm in the case B1 and B2 (point D in Figure 12 and Figure 13).




	3)

	
The differences between group A and B: There were two differences between the group A and group B. On the sidewalk of Sosei River Street, there was no snowdrifts in the group A, however, a snowdrift formed in group B (point C in Figure 10, Figure 11, Figure 12 and Figure 13). As the building height was taller in group A, the strong deflected winds produced a larger area with no snowdrifts, which in turn caused no snow to land over a large area. In group B, winds deflected by the northwest tower were intercepted by the southeast tower or the mid-rise part, which reduced the wind velocity on the ground and caused the formation of snowdrifts. In addition, the area of the roof of the podium in group A was larger than that in group B, the snow that could cover the roof was greater, indicating that the design had less snowdrifts.








Figure 10. Snow and wind simulation results in Case A1. (a) Snow simulation result; (b) Snow depth; (c) Wind simulation result.
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Figure 11. Snow and wind simulation results in Case A2. (a) Snow simulation result; (b) Snow depth; (c) Wind simulation result.
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Figure 12. Snow and wind simulation results in Case B1. (a) Snow simulation result; (b) Snow depth; (c) Wind simulation result.
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Figure 13. Snow and wind simulation results in Case B2. (a) Snow simulation result; (b) Snow depth; (c) Wind simulation result.



[image: Sustainability 09 02132 g013]






Around the crossing of Sosei River Street and Odori Avenue, there was no snowdrifts in group A; however, snowdrifts formed in group B (point D in Figure 10, Figure 11, Figure 12 and Figure 13). As the building height was taller in group A, the strong deflected wind traveled to the ground, which caused it to blow away any snow that was at this location.

	4)

	
The differences between the case A1 and A2: The depth of snow covering the open spaces in the case A2 was lower than that in the case A1 (12.0 cm as opposed to 26.6 cm; point A in Figure 10 and Figure 11). Because the area of the roof of the podium was increased in the case A2, more snow covered the roof, and therefore, less snow covered the ground.




	5)

	
The differences between the case B1 and B2: There were two differences between the case B1 and B2. Snowdrifts formed around the crossing of Sosei River Street and Kita 1-jo Street in the case B1, however, there was no snowdrift in the case B2 (point B in Figure 12 and Figure 13). In the case B1, winds deflected by the northwest tower were intercepted by the mid-rise part, which reduced the wind velocity on the ground and caused the formation of snowdrifts.









There was a small area around the southeast block wherein no snowdrift formed in the case B2 (point E in Figure 13). In contrast, in the case B1, snowdrifts were formed (21.6 cm) (point E in Figure 12). The wind deflected by the northwest tower produced the no snowdrift area in the case B2. In the case B1, winds deflected by the northwest tower were intercepted by the mid-rise southeast tower, which reduced the wind velocity on the ground and caused the formation of snowdrifts.




4.2. Snow Removal Energy


The amounts of energy required for snow removal along with the resultant CO2 emissions in the four urban block models were estimated using the results from the snow simulations. The results for the estimations are shown in Table 4.

	1)

	
The common points in group A: The amount of snow cover was reduced in group A. Group A required small snow removal energy; 76.9 GJ/day for case A1 and 43.1 GJ/day for case A2.




	2)

	
The common points in group B: The amount of snow cover was increased in group B. Group B required great snow removal energy; 152.0 GJ/day for case B1 and 130.7 GJ/day for case B2.




	3)

	
The differences between group A and B: Group A required less snow removal energy than group B. In group A, the wind deflected from the higher tower produced larger areas with no snowdrifts in them and reduced the amount of snow cover, thereby requiring less snow removal energy.




	4)

	
The differences between case A1 and A2: Case A2 required less snow removal energy than case A1. Because the area of the roof of the podium in case A2 was larger than that in case A1, the amount of snow that could cover the roof was greater, indicating that the design had less amounts of snow covering the ground.




	5)

	
The differences between case B1 and B2: Case B1 required greater snow removal energy than case B2. In case B1, the wind deflected by the northwest tower was intercepted by the mid-rise part, which reduced the wind velocity on the ground and subsequently increased the snowdrifts, thereby requiring greater snow removal energy.









Table 4. Results for the estimations of the snow removal energy.







	
Estimated Items

	

	
Case A1

	
Case A2

	
Case B1

	
Case B2






	
a) Snow cover amount on target area

	
(m3/day)

	
599.6

	
478.0

	
869.0

	
702.6




	
b) Snow cover amount to be removed from target area

	
(m3/day)

	
220.4

	
150.8

	
462.7

	
369.0




	
c) Percentage of snow on the streets

	
(%)

	
51.5

	
62.1

	
55.8

	
50.6




	
d) Percentage of snow on the sidewalks and open spaces

	
(%)

	
48.5

	
37.9

	
45.2

	
49.4




	
1) Snow cover amount on the streets

	
(m3/day)

	
113.4

	
93.6

	
258.2

	
186.7




	
2) Weight of snow on the streets

	
(t/day)

	
44.7

	
36.9

	
101.7

	
73.5




	
3) Number of truckloads of snow

	

	
45

	
37

	
102

	
74




	
4) Total distance the snow is haule

	
(km/day)

	
450.0

	
370.0

	
1020.0

	
740.0




	
5) Gas oil volume required for snow hauling

	
(L/day)

	
180.0

	
148.0

	
408.0

	
296.0




	
6) Required energy to transport the snow

	
(GJ/day)

	
6.8

	
5.6

	
15.4

	
11.2




	
7) CO2 emissions to transport the snow

	
(tCO2/day)

	
0.46

	
0.38

	
1.05

	
0.76




	
8) Snow cover amount on the sidewalks and open spaces

	
(m3/day)

	
106.9

	
57.2

	
208.3

	
182.3




	
9) Weight of snow on the sidewalks and open spaces

	
(t/day)

	
42.1

	
22.5

	
82.0

	
71.8




	
10) Heat required to melt the snow

	
(GJ/day)

	
14.0

	
7.5

	
27.3

	
23.9




	
11) Required energy to melt the snow

	
(GJ/day)

	
70.1

	
37.5

	
136.6

	
119.6




	
12) Heating oil volume required for snow melting

	
(L/day)

	
1911.1

	
1021.3

	
3721.6

	
3258.6




	
13) CO2 emissions to melt the snow

	
(tCO2/day)

	
4.76

	
2.54

	
9.27

	
8.11




	
14) Total required energy for snow removal

	
(GJ/day)

	
76.9

	
43.1

	
152.0

	
130.7




	
15) Total CO2 emissions from snow removal

	
(tCO2/day)

	
5.22

	
2.92

	
10.32

	
8.88












5. Conclusions


This study considered urban block designs with high-rise and high-density buildings and their effects on the snow and wind conditions in public spaces, energy requirements, and CO2 emissions that would be produced in order to remove snow from a block in the downtown area of Sapporo, Japan. The snow and wind conditions and the snow removal energy of a variety of urban block models were evaluated using wind tunnels. The planning and assessing processes of this study along with guidelines for the most ideal design are summarized in Figure 14. Our advice for the urban block designs that consider the severe winter climate in Sapporo can be summarized as follows:

	1)

	
Building Height Ratio (Figure 14b): A higher building height ratio (BHR; the ratio of the maximum building height to the average building height in the urban block) like the group A is better for the urban block as this improves the snow conditions and lowers the required snow removal energy. Because the tower is taller and the area of the roof of the podium is larger, the wind deflected from the tower to the ground can be increased, which can be used to blow away any snow covering the ground, and the amount of snow that could cover the podium’s roof was greater, thereby reducing the formation of snowdrifts and lowering the snow removal energy required.




	2)

	
Mid-rise part in group A (Figure 14c): When an urban block is designed with high BHR like the group A, urban block design without the mid-rise part will reduce the formation of snowdrifts on the ground and lower the required snow removal energy. Because the area of the roof of the podium was larger, the snow covering the roof increased, thereby causing less snow to drift onto the ground.




	3)

	
Mid-rise part in group B (Figure 14c): When an urban block is designed with low BHR like the group B, urban block design with the mid-rise part will increase the formation of snowdrifts on the ground and raise the required snow removal energy. Because the area of the roof of the podium is smaller, the snow covering the roof decreased, thereby causing more snow to drift onto the ground. In addition, the winds deflected by the high-rise tower were intercepted by the mid-rise part, which reduced the wind velocity on the ground and caused the formation of snowdrifts.








Figure 14. The study process and design guidelines.
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This study proposed the sustainable urban design approach for winter cities integrating environmental and energy assessments for snow and wind conditions into the designs (chapter 2.1). The findings suggested ideal urban block design concepts for high-rise and high-density districts in Sapporo. The design concepts are applicable in downtown Sapporo; however, the proposed sustainable urban design approach would be effective in improving public-space environments and reducing the required snow removal energy in other winter cities. This approach should be considered as it has the potential to enhance sustainable urban designs in winter cities.



This study used one urban block as a case study and determined the effect of various urban block designs on both the snow and wind conditions in various blocks as well as the amount of energy required for snow removal in Sapporo. It remains a challenge for future research to consider the environmental and energy assessments in designs of multiple urban blocks. Future related research also should consider additional types of urban block designs in other winter cities. Additional studies would improve understanding of and lead to potential environmental and energy benefits in winter cities attributable to improved urban block designs.
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