


mountainous areas, especially on sloping lands 
(Futatsudera et al. 1976, Yukitake et al. 1982). Although 
the rain shelters helped improve vegetable productivity, 
they could not completely protect the vegetables against 
rain, wind, insects, and disease (Sakoda 2009). In 
addition, typhoons caused severe damage to the shelter 
structures and the crops inside. However, relatively few 
greenhouses and tunnels have been introduced due to the 
difficulty of building such facilities on sloping land. 
Practical techniques for protected horticulture are 
required to enable year-round and reliable crop production 
in mountainous areas. Therefore, a flat-roof sloping 
greenhouse, which can be built on sloping and irregularly 
shaped fields, has been developed (Nonaka et al. 2001; 
Nagasaki et al. 2005; Kawashima et al. 2007a, 2007b, 
2011, 2015a; WARC/NARO 2008, 2017). 

The flat-roof sloping greenhouse has adequate 
wide-open ventilation and is thus suitable for agricultural 
production in summer (Kawashima 2015a). A thermal 
environment-control technique for flat-roof sloping 
greenhouses has also been developed (Kawashima 
2015a). In a conventional greenhouse, a thermal gradient 
will occur during heating. This problem cannot be 
overcome, even with the proper installation and use of 
heaters, circulating fans, and warm air ducts. Thus, 
small-scale growers in mountainous areas can practice 
protected horticulture with a flat-roof sloping greenhouse 
and suitable techniques. 

The air temperature has been rising in recent years 
due to global warming (Akiyama 2007, Kawaguchi 2016, 
Abdureyim 2019). Vegetable production is thus becoming 
increasingly difficult in summer, even in mountainous 
areas. Therefore, cooling techniques have been developed 
to facilitate reliable vegetable production in summer. 
Although such techniques were initially expected to be 
simple and cheap, most of the existing cooling methods 
are too expensive for small-scale growers (Yamanaka & 

Kawashima 2019). In this review, we describe trends in 
the development of cooling techniques for small-scale 
growers who practice horticultural production in 
mountainous areas (Table 1).

Intercepting excessive solar radiation

Of the components of solar radiation, light ranging 
from 400 nm to 700 nm (Photosynthetic Photon Flux 
(PPF)) and that from 700 nm to 800 nm (Far-red light) are 
essential for plant growth processes, such as 
photosynthesis and photomorphogenesis. However, 
radiation longer than 800 nm (infrared radiation) is not 
necessary for plant growth. Infrared radiation has high 
thermal energy and causes temperatures to rise. On 
sunny days in summer, there can be enough light to 
sustain photosynthesis even in the presence of shade. 
Therefore, shade is an effective way to prevent solar 
radiation from causing a temperature increase in 
greenhouses.

In order to shade against solar radiation only on 
sunny days, an automatic shading system has been 
developed (Kawaguchi et al. 2017, Yano et al. 2020). This 
system consists of a computer with an irradiance sensor 
and a motorized movable shaft system with a shading 
material (Fig. 1). The computer controls the motor. When 
an amount of solar radiation measured by the irradiance 
sensor exceeds the set value, the motor with the movable 
shaft system rolls down the shading as instructed by the 
computerized control program. The plants are then 
protected against excessive solar radiation. When the 
amount of solar radiation measured by the irradiance 
sensor is less than the set value, the program instructs the 
motor to roll up the shading material to promote 
photosynthesis as much as possible. This technique has 
been successfully demonstrated for tomato and 
strawberry production. 

Table 1. Cooling techniques for small-scale protected horticulture

Categories Techniques Years
Preventing thermal 
energy

Automatic shading system ‘Nissya-sousa kun’ Kawaguchi et al. (2017)
Automatic shading system with multi-layered thermal curtain made of 
nanofiber controlled by ‘YoshiMax’ Yano et al. (2020)

Water curtain in summer Iwasaki et al. (2007)

Evaporative cooling
techniques

Low-cost fog cooling system Shibata (2012)
‘Cool Sat’ system Tokujyu-Kogyo Co, Ltd. (2018)
Simply installed pad and fan cooling system Watanabe et al. (2013)
System design by simulating using computation fluid dynamics (CFD) WARC/NARO (2019)

Local cooling
techniques

Medium-temperature cooling system using evaporative cooling Yamazaki et al. (2007)
Crown-temperature cooling technique Okimura (2009)
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