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ARCHITECTURAL HISTORY AND THEORY

Historical vicissitudes of grain storage environment of granaries in the North 
China Plain
En Lia, Ren Houa, Junwei Yub, Shujie Niuc, Xiyao Chena, Bo Hana and Peng Zhangc

aSchool of Architecture, Henan University of Technology, Zhengzhou, China; bIGR-IAE Graduate School of Management, University of 
Rennes, Rennes, Cedex 7, France; cDepartment of General Layout Plan and Architecture, Henan University of Technology Design and 
Research Academy, Zhengzhou, China

ABSTRACT
Granary evolves over time, adopting various climate responsive strategies and accordingly 
producing different grain storage environments. Meanwhile, as a major grain-growing area 
since ancient times, the North China Plain has a huge demand for granaries. Therefore, this 
paper investigates the historical vicissitudes of grain storage environment in North China Plain. 
Four granaries built during different historical periods (ranging from AD 583 to AD 2002) were 
selected. While their architectural features were obtained via field surveys and literature review, 
additional information was collected from on-site measurements to mathematically simulate 
the grain storage environments created by them. Results show that the grain storage environ-
ment has not been significantly improved, as the number of hours for safe grain storage has 
increased only by 2.36% in the past 1400 years. Further analysis revealed that these historical 
granaries adopted two different strategies (temperature-first vs. humidity-first) that failed to 
create a desirable grain storage environment, thus calling for a deliberate trade-off between air 
temperature and relative humidity. The present study not only deepens our understanding of 
historical granaries typical in the North China Plain but also provides valuable practical 
implications for the design and construction of modern granaries.
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1. Introduction

Grain is fundamental to humans’ survival. As 
a result, granary is one of the architectural forms 
emerging early in human history. In the early stage 
of human history, the primary function of granaries 
is to secure grains against the loot of enemies and 
animals. With the advent of the Agricultural 
Civilization, grain output has increased significantly. 
Consequently, preserving grain quality and avoiding 
grain loss gradually become the main consideration 
of granary design. It has been widely accepted that 
air temperature and relative humidity inside 
a granary play a critical role in determining grain 
quality and grain loss (Chai et al. 2019; White, 
Hulasare, and Jayas 1999). Accordingly, in the pre-
sent research, grain storage environment of gran-
aries refers to the air temperature and relative 
humidity inside the granary. In order to achieve 
a safe grain storage environment, different climate 
responsive strategies (which were reflected by archi-
tectural features) have been used in various histor-
ical periods and divergent regions. It is thus likely 
that the actual grain storage environment may vary 
from time to time and from region to region. 

Revealing the historical vicissitudes of grain storage 
environment is conducive to understanding how 
grain storage environment can be protected by 
human activities.

Existing studies on granary history mainly explore 
how political, economic and cultural factors shapes 
granaries’ architectural features in various countries. 
For example, in Ancient China, specific forms of gran-
aries (e.g., above-ground vs. underground) were deter-
mined by both political regimes (e.g., centralized vs. 
decentralized) and economic factors (e.g., the rising of 
canal economy) (Fei and Yu 2015; Han and Wang 0000; 
Ye 2018). In the beginning of modern China, affected 
by food management system of Chongqing City, the 
forms of granaries in Chongqing have evolved from 
single horizontal warehouses to conjoined vault gran-
aries and then single Tuyuan silos (Quan and Wang  
2021). After 1980s, a large number of granaries were 
updated with new materials and technologies under 
the support of Chinese policies (Li 2012; Yang, Mao, 
and Jiang 2012). Likewise, granaries in Europe have 
undergone similar changes. Specifically, the advanced 
construction technology along with economic and pol-
icy changes has made it possible to use high-strength 
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reinforced concrete structures to build large-capacity 
granaries after World War II (Fernández-Fernández 
et al. 2020). However, in Africa, due to long-term eco-
nomic, cultural, and technological-level constraints, 
most countries still use original building materials 
such as stone, wood panels, and adobe to build 
above- and below-ground granaries (Yui 2020). 
Although these studies provide valuable information 
for our understanding of the development of the archi-
tectural features of granaries, how these features influ-
ence grain storage environment and consequently 
help to protect grains awaits investigation.

In the past decade, an increasing number of 
research has been conducted to investigate indivi-
dual granaries built in different regions and diver-
gent historical periods, discovering different climate 
responsive strategies, and validating their effective-
ness in creating a safe grain storage environment. 
For example, by measuring the air temperature and 
relative humidity in winter and summer inside the 
Fengtu charitable granary built in Qing Dynasty in 
China, it was found that thick and heavy envelope 
(i.e., wall and roof) help stabilize the air temperature 
inside the granary, which was conducive to grain 
storage safety (Yang 2003). The seventeenth-century 
Galician granary adopted a slotted construction to 
cope with the unfavorable environment outside the 
granary in autumn, winter and early spring, the 
effect of which has been validated by on-site mea-
surements and simulation (Saá et al. 2011). Similarly, 
it was found that the structural form with vents can 
better ensure the effect of grain storage in Ancient 
Rome Horreum granaries, as indicated by the inves-
tigated archaeological hypotheses and correspond-
ing simulation (Pagliaro et al. 2015; Saá et al. 2012). 
While these segmented studies examined different 
climate responsive strategies and examined their 
effects on the grain storage environment in differ-
ent regions and ages, it remains un-investigated 
how grain storage environment of the granaries 
built in the same region but in divergent historical 
periods evolve over time. Consequently, 
a comparative approach is applied to the present 
research to clarify the historical vicissitudes of grain 
storage environments and it contributes in three 
aspects: 1. Our research offers a timely response to 
emerging calls to conduct longitudinal research in 
the domain of architecture and its history (Moolavi 
Sanzighi, Soflaei, and Shokouhian 2021; Ozay 2005). 
Specifically, the present research, to the best of our 
knowledge, is the first research that comparatively 
examined and analyzed the dynamics of grain sto-
rage environments of granaries in a given region. 
Importantly, by comparing four granaries from dif-
ferent historical periods, our research aims to reveal 
the different strategies used to creating desirable 
grain storage environment. 2. By conducting 

a longitudinal comparison, the climate responsive 
strategies of each of the four grain storage environ-
ment of four historical granaries are identified. 
Accordingly, the adequacy and diversity of passive 
design strategies of granaries are ensured. 3. 
Therefore, the present research provides more les-
sons for the design of modern grain storage 
environment.

Particularly, the vicissitudes of granaries built in the 
North China Plain has not been reviewed and studied. 
Throughout the history of China, the North China Plain 
is a primary production area of various grains. It covers 
about 300,000 km2, features a temperate continental 
climate, and is located in latitude 32°N ~ 40°N, long-
itude 114°E ~ 121°E. The suitable climate, fertile soil, 
sufficient water source and convenient transportation 
jointly make the North China Plain an important grain 
growing area since ancient times. In modern China, 
80% of wheat production (about 108 million tons 
per year) originates from this area. Accordingly, the 
demand for granaries has usually been emphasized, 
and throughout the history, a large number of gran-
aries with different architectural features have been 
built in this area. More importantly, many of the gran-
aries built in the North China Plain are well preserved. 
Therefore, the diversity and accessibility of granaries in 
the North China plain make it theoretically necessary 
and technically feasible to conduct a comparative ana-
lysis of different granaries in this area.

To fill this gap, the present research briefly 
reviewed different types of granaries in the North 
China Plain, which is built in different historical 
periods, and consequently selected four typical 
granaries as research objects. Their architectural 
features are summarized by both literature review 
and field survey. Four simulation models were 
established to assess grain storage environment 
inside them in summer and transition seasons. 
Hence, the present research offers, to the best of 
knowledge, the first endeavor to apply 
a longitudinal approach and comparatively study 
the historical vicissitudes of grain storage environ-
ment of granaries in the North China Plain. 
Surprisingly, the present research found that even 
though the grain storage environment of historical 
granaries indeed improves over time, the improve-
ment is highly limited. Noticeably, even the most 
recent modern horizontal warehouse, without active 
ventilating and cooling, failed to create sufficient 
hours for a safe grain storage environment. The 
present research therefore suggests the huge room 
for future granary research to optimize climate 
responsive strategies and generate enhanced sto-
rage environments. The present research thus 
helps to reveal the development pattern of grain 
storage environment in North China Plain and 
enrich the research connotation of granary’s 

2 E. LI ET AL.



architecture history. Besides, it also summarizes the 
grain storage environment creation techniques (i.e., 
climate responsive strategies) of historical granaries 
in the North China Plain, accordingly providing 
a repertoire to develop modern granaries in China.

The remainder of the paper is structured as follows. 
We first present the methodology parts which covers 
literature review, field survey, on-site measurement 
and mathematical simulation. We then analyzed the 
historical vicissitudes of the four granaries’ grain sto-
rage environment created by climate responsive stra-
tegies. At last, the article ends with a discussion and 
conclusion.

2. Methodology

As illustrated by Figure 1, the research methods in the 
present research include literature review, field survey, 
on-site measurement and mathematical simulation. In 
step one, a brief literature review was conducted to 
select four granaries in North China Plain built in dif-
ferent historical periods. The architectural features of 
selected granaries and relevant parameters for simula-
tion were subsequently obtained via field surveys. 
However, relevant information of Liyang underground 
silo, the oldest granary selected, is obtained exclusively 

from literature review, as only traces are left. In step 
two, on-site measurement was carried out for three 
existing granaries. In step three, four granary models 
were created, using data mainly obtained in step one 
and utilizing EnergyPlus software. Then, three existing 
granary models were validated with the on-site mea-
surement data obtained from step two. The grain sto-
rage environment (i.e., air temperature and relative 
humidity) in summer and transition seasons were 
thus simulated. In step four, the four granaries’ climate 
responsive strategies and their grain storage environ-
ment were analyzed and compared, based on which 
the historical vicissitudes of the four granaries’ grain 
storage environment were summarized.

2.1. Granary selection

Since the Neolithic period, both above-ground and 
underground granaries have been in existence in 
China. For example, archaeological excavation has 
found several granaries in several historical relics 
including the traces of Yanshi Shang city (above- 
ground granary) (Chen 2020), the traces of Cishan 
(underground granary) (Sun, Liu, and Chen 1981), and 
the traces of Eastern Zhou capital (underground gran-
ary) (Yunzhang and Mengke 2021a, 2021b). However, 

Figure 1. Research flow chart.
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the constructing technology of granaries in the early 
stage of China’s history was relatively primitive. 
Importantly, the granaries built in early history of 
China are not preserved well due to the long history, 
and at the same time, there is little written record 
about their architectural features, making it technically 
difficult to investigate these granaries. By the contrast, 
a large number of underground granaries built in Sui 
and Tang Dynasties (AD 581–907) (e.g., Hanjia under-
ground silos, Luokou underground silos, and Liyang 
underground silos) have received considerable written 
records. Noticeably, the architectural features of Liyang 
underground silos and Hanjia underground silos have 
been investigated. Several architectural models have 
been proposed to detail their architectural features 
(Zhang 2017), making them suitable for the present 
research. However, Hanjia underground silos were 
completely closed to the public due to strict protection 
when the present research was conducted. Therefore, 
Liyang underground silo is selected for the present 
research as the representative of the underground 
granary in this period. During the Song and Yuan 
Dynasties (AD 960–1368), the underground silos gra-
dually declined but did not disappear completely. 
Meanwhile, the large state-owned granaries were 
mainly built above the ground, most of which have 
not been well preserved due to the influence of war 
and natural weathering. Thus, granaries in this period 

were not selected for the present research. During 
Ming and Qing Dynasties (AD 1368–1912), above- 
ground granaries received continuous development. 
Besides, thanks to the closer history, some historical 
granaries built in this period have been well preserved 
(e.g., Nanxin granary and Yingyi charitable granary). 
Nevertheless, Nanxin granary has been transformed 
into a leisure and cultural exhibition hall while the 
original appearance of Yingyi charitable granary has 
been maintained as much as possible (Liu and Xue  
2003; Sun, Li, and Tang 2014). Therefore, Yingyi chari-
table granary is selected as the representative of the 
above-ground granary in this period for the present 
research. Shortly after the founding of People’s 
Republic of China (AD 1949), Tuyuan silos became 
the primary form of granaries with many of them well 
preserved in various regions of China, including the 
North China Plain. This type of granary is thus chosen 
as the representative of the granary built in the early 
stage of industrialization. In modern China, granaries 
have taken diverse forms, with the advance of science 
and technology, including silo, squat silo and horizon-
tal warehouse. Despite the design diversity of modern 
granaries, the majority takes a horizontal form (Wang  
2007). Therefore, Modern horizontal warehouse is 
selected for the present research as the representative 
of modern granaries. To sum up, Liyang underground 
silo, Yingyi charitable granary, Tuyuan silo and Modern 

Figure 2. Location of the selected granaries.
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horizontal warehouse are selected as four research 
objects of the present research. The build time, geo-
graphical locations, and climate conditions of the four 
selected granaries are listed in Figure 2 and Table 1.

2.2. Field survey

Field survey aims to obtain architectural features of the 
selected granaries, which serves as the basis for quali-
tatively analyzing climate responsive strategies and 
provides parameters for establishing granary models 
in section 2.4.1.

2.2.1. Liyang underground silo (AD 583)
Liyang underground silos built in Sui Dynasty (AD 583) 
are architectural complex. Because of the distant long 
history, only several traces have been discovered. 
Therefore, in-depth field survey and on-site measure-
ment are not possible. However, adopting archaeolo-
gical methods, previous researchers have successfully 
investigated one of the traces and consequently build 
an architectural model for Liyang underground silo 
(Zhang 2017). Therefore, the architectural features are 

obtained from previous research (Zhang 2017). As 
shown in Figure 3, Liyang underground silo consists 
of an upper part and a lower part. The upper envelop 
consists of a 500 mm-thick clay wall and a 780 mm- 
thick roof. The upper part serves to locate the silo, 
shield it from wind and rain, isolate the air temperature 
outside the silo and reduce the influence of solar radia-
tion on the storage space (which can be considered as 
buffer space). By the contrast, the lower part is 
a rounded-cone-shaped storage space with an upper 
radius of 6 m, a lower radius of 3.5 m and a depth of 
3.2 m. Since the upper envelope and the grain cover 
are built with clay and sand, the silo creates excellent 
air tightness. The silo’s architectural features are illu-
strated in Figure 3. Considering the space limitation of 
this paper, its construction and thermal parameters are 
shown in the appendix (Table A1).

2.2.2. Yingyi charitable granary (AD1898)
Yingyi charitable granary is in the form of a courtyard, 
with four individual granaries located in the east, west, 
north, and south. Each individual granary adopts simi-
lar architectural features. Due to wars and their long 

Table 1. Basic information of the four selected granaries.
Granary name Build time Location Climate

Liyang underground silo Sui dynasty 
AD 583

Xun County, Henan Province 
(Latitude 35.7°N, longitude 114.6°E)

Hot and humid summers, cold and dry winters. 
Annual air temperature range: 
−9.7°C to 37.7°C. 
Annual precipitation: 600mm.

Yingyi charitable granary Qing dynasty 
AD 1898

Shenzhou City, Hebei Province 
(Latitude 38.0°N, longitude 115.6°E)

Hot and humid summers, cold and dry winters 
Annual air temperature range: 
−12.3°C to 40°C. 
Annual precipitation: 600mm.

Tuyuan silo Modern 
AD 1952

Xun County, Henan Province 
(Latitude 35.7°N, longitude 114.6°E)

The same as Liyang underground silo.

Modern horizontal warehouse Modern 
AD 2002

Weishi County, Henan Province 
(Latitude 34.4°N, longitude 114.2°E)

Hot and humid summers, cold and dry winters. 
Annual air temperature range: 
−9.1°C to 37.2°C. 
Annual precipitation: 550mm.

Figure 3. Architectural features of Liyang underground silo: (a) Picture of traces; (b) Schematic diagram of investigated 
archaeological hypotheses (Zhang 2017); (c) Layout plan and section plan (Zhang 2017), and (d) Construction of envelope 
(Zhang 2017).
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history, the east granary has been completely 
destroyed, while the west granary and the north gran-
ary have been partially destroyed. Therefore, the south 
granary was selected for the present research. 
According to the field survey, the selected granary is 
35.8 m long and 7.9 m wide. The granary has a brick- 
wood structure. The exterior wall of the granary is 
made of 450 mm-thick grey brick and the roof is 
a traditional sloping roof. Additionally, there is a 600  
mm-high air layer between the grain storage space 
and the ground. For better ventilation, 33 openings 
are designed on the foot of its south and north walls, 
respectively. Besides, 11 dormer windows are non- 
closable and they are installed on its roof for ventila-
tion. The granary’s architectural features are illustrated 
in Figure 4. Considering the space limitation of this 
paper, its construction and thermal parameters are 
shown in the appendix (Table A2).

2.2.3. Tuyuan silo (AD1952)
Tuyuan silo is a brick silo, with its door opened 
outwards in the northeast. The height from the 
ground to the bottom of the eave is 5.5 m, and 
the height from the bottom of the eave to the 
roof is 3.5 m. There are 15 windows and a small 
door on the wall at 4.5 m above the ground. 
Among them, a small door (1 m × 1.5 m) is in the 
northeast, and the rest are windows (1 m × 0.8 m). 
The granary employed a brick-wood structure and 
was built with a 950 mm-thick wall and a pyramidal 
roof. The top of the silo is a wooden beam con-
struction. The silo’s architectural features are 

illustrated in Figure 5. Considering the space limita-
tion of this paper, its construction and thermal 
parameters are shown in the appendix (Table A3).

2.2.4. Modern horizontal warehouse (AD 2002)
As shown in Figure 6(d), the modern horizontal ware-
house consists of two single granaries. Each granary 
is 32 m long and 18 m wide. Each individual granary 
adopts similar architectural features. However, the 
north granary does not have a south-facing surface 
(i.e., direct solar gain surface), which cannot reflect 
the actual heat transfer process of most granaries. 
Therefore, the south granary was selected for the 
present research. Taking the south warehouse for 
example, there are eight small windows (1 m × 0.75  
m) on the east exterior wall and six small windows 
on the west exterior wall (1 m × 0.75 m). As shown in 
Figure 6(a), there are two small doors (0.67 m × 1.25  
m), for stuff to get into the granary on the west 
exterior wall, above the grain loading gate (2.35  
m × 4.25 m). To control the mechanical properties 
and the building cost, the thickness of their walls 
decreases from bottom to top (An 2015; Zhang and 
Lan 1997). That is, clay bricks with different thick-
nesses of 240 mm, 360 mm, and 480 mm are used to 
build the exterior wall from top to bottom. 
Reinforced concrete fold-line warehouse roof is 
adopted for the granary. It should be noticed that 
the modern horizontal warehouse also witnessed the 
involvement of building materials while inheriting 
the building materials of ancient granaries. 
Therefore, the construction of modern granaries 

Figure 4. Architectural features of Yingyi charitable granary: (a) Picture of the south facade; (b) Picture of the construction of inner 
roof; (c) Construction of envelope, and (d) Section plan and layout plan.
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also uses modern materials such as concrete, cement 
expanded perlite, rigid plastics polyurethane foam, 
etc. The granary’s architectural features are illu-
strated in Figure 6. Considering the space limitation 
of this paper, its construction and thermal para-
meters are shown in the appendix (Table A4).

2.3. On-site measurement

The purpose of on-site measurement is to collect data 
for the validation process for simulation models in 
section 2.4.2. The measured items are shown in 
Table 2. It should be noted that as previously men-
tioned, Liyang underground silo cannot be on-site 
measured given that only its trace has been left. 
Therefore, on-site measurement was conducted for 
Yingyi charitable granary, Tuyuan silo and Modern 
horizontal warehouse.

As the present research aims to compare the actual 
grain storage environment created by the four gran-
aries, the treatment of granary windows and doors and 

the granary operating conditions during the measure-
ment period is in line with the actual ventilating/oper-
ating practice of each granary. Accordingly, during the 
measurement period, the ventilation systems (e.g., 
windows) and operating conditions (e.g., indoor heat 
source, human behavior, air conditioning system) are 
set according to historical practice. Regarding the ven-
tilation system, in history, the holes and dormers of 
Yingyi charitable granary are assumed to be open all 
the time (information obtained from its architectural 
features). As a result, during the on-site measurement, 
all the holes and dormers (which are different with 
regular windows) were kept open. Similarly, given 
that the windows and doors of Tuyuan silo and 
Modern horizontal warehouse are assumed to be 
closed during the summer and transition seasons (Bai 
et al. 2006; Bai, Bian, and Wang 2004; Song, Jin, and 
Wang 2009), the windows were closed during on-site 
measurement. Regarding the operating conditions, in 
history, when granaries were empty, all granaries were 
free-running buildings, with no internal heat sources, 

Figure 5. Architectural features of Tuyuan silo: (a) Picture of the silo; (b) Picture of the construction of inner roof; (c) Construction of 
envelope, and (d) Layout plan and section plan.
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no occupants, and no air conditioning systems (infor-
mation obtained from their architectural functions and 
the site managers during field survey). Therefore, dur-
ing the on-site measurement, three granaries had the 
same operating conditions: empty and free-running, 
no internal heat sources, no occupants, and no air 
conditioning systems.

The instruments employed for the measurement 
followed ISO Standard 7726 (ISO7726 2002). The spe-
cific models of the measurement instruments are 
shown in the appendix (Table A5). All instruments 
were calibrated in accordance with corresponding 
instructions. Data loggers record automatically every 
10 min, except CO2 concentration recorder. The decay 
method with CO2 as the tracer gas has been proved to 
be an effective infiltration rate (and ventilation rate) 
measurement method (Benedettelli, Naticchia, and 
Carbonari 2015; Persily 2016; Van Hooff and Blocken  
2013). The specific measurement points inside each 
granary are shown in Figures 4(d), Figures 5 (d) and 6 
(d) for Yingyi charitable granary, Tuyuan silo and 
Morden horizontal warehouse, respectively. 
Noticeably, the surface temperature inside and outside 

the Yingyi charitable granary was not measured. 
Because the instrument cannot be placed on its wall, 
given that it is a National Cultural Heritage Site under 
strict protection.

2.4. Simulation

Although a short-term on-site measurement to 
a degree can reflect the grain storage environment 
inside a granary, a simulation for a longer period of 
time is required to form a more accurate evaluation. 
Therefore, the EnergyPlus software was used to build 
simulation models for the four selected granaries.

Both relevant literature and real-world practice 
have demonstrated that the cold and dry climate in 
North China Plain in winter lends itself to the effort-
less creation of a desirable grain storage environ-
ment (Bai et al. 2006; Bai, Bian, and Wang 2004). By 
the contrast, under the combined effect of high 
humidity and high temperature outside the granary 
in summer, it is more difficult to maintain an ideal 
environment for grain storage (Bai et al. 2006; Bai, 
Bian, and Wang 2004; Zhang et al. 2014). Thus, it is 

Figure 6. Architectural features of Modern horizontal warehouse: (a) Picture of the west facade; (b) Picture of inside of the 
warehouse; (c) Picture of the west wall, (d) Layout plan and section plan, and (e) Construction of envelope.

Table 2. On-site measurement items and measurement period.
Measurement items Yingyi charitable granary Tuyuan silo Modern horizontal warehouse

Indoor air temperature and relative humidity √ √ √
Outdoor air temperature and relative humidity √ √ √
Solar radiation √ √ √
Infiltration/ventilation rate √ √ √
Measurement period From 0:00, 6 July 2021 

to 
23:00, 12 July 2021

From 0:00, 23 July 2020 
to 

23:00, 29 July 2020

From 0:00, 24 August  
to 

23:00, 30 August
During which the infiltration rates (or ventilation rate) were measured 2 hours.
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important to examine how grain storage environ-
ment can be created by the four selected granaries 
with diverse architectural features in summer. In 
addition, the large fluctuation of outdoor tempera-
ture and relative humidity during the transition sea-
sons also makes it relevant to investigate the grain 
storage environment of the four granaries during the 
transition seasons (Bai et al. 2006; Duan and Zhang  
1984; Peng and Deng 2019). Therefore, the present 
research simulates the grain storage environment 
during summer and transition seasons (March to 
November, 6600 hours in total).

The grain storage environment of the four 
selected granaries was then evaluated according to 
the number of hours in the simulated period that 
meet different criteria. The simulation process is 
shown in Figure 7.

2.4.1. Model description
EnergyPlus software was used to model the four selected 
granaries. The mathematical model of a building gener-
ally consists of three main components: 1. the basic 
information of a building (e.g., location, geometric infor-
mation, etc.); 2. Building operating conditions (e.g., 
indoor heat sources, air conditioning system, etc.); 3. 

Calculation parameters (e.g., outdoor climate data and 
calculation period). Table 3 lists all the parameters used to 
build granary models and their sources.

It should be noticed that the simulation of grain 
storage environment is conducted with only climate 
responsive design considered (i.e., without active 
cooling/ventilating). Because the research objects 
are mainly ancient granaries, active ventilation and 
cooling are not available when these granaries were 
built.

As mentioned earlier, during the measurement 
period, for the three on-site measured granaries, 
there was no internal heat source, no occupants 
and no air conditioning system applied to them, 
which reflected the actual operating practice of 
each granary. As a result, the value of the relevant 
parameters used for simulation is zero. Regarding 
Liyang underground silo, according to the informa-
tion obtained from its architectural features and 
literate review (Zhang 2017), the relevant para-
meters value is also zero. Similarly, the infiltration 
rate of Liyang underground silo is assumed to be 
zero due to its excellent air tightness.

Outdoor climate data is necessary for a building 
simulation study. In the present research, the 

Figure 7. Simulation process.

Table 3. Input parameters and their sources of four mathematical models for grain storage environment simulation.

Related parameters Liyang underground silo
Yingyi charitable 

granary
Tuyuan 

silo
Modern horizontal 

warehouse

The basic information of 
models

1. Location Field survey Field survey
2. Geometric information Literature review (Zhang  

2017)
Field survey

3. Materials Literature review (Zhang  
2017)

Field survey

4. Constructions Literature review (Zhang  
2017)

Field survey

5. Thermal parameters Literature review (GB 
50176 2016)

Literature review (GB 50176 2016)

6. Infiltration/ventilation rate Literature review (Zhang  
2017)

On-site measurement

Building operating 
conditions

7. Indoor heat sources and human 
behavior

Literature review (Zhang  
2017)

Field survey

8. Air conditioning system No air-conditioning system
Calculation parameters 9. Outdoor climate data Typical meteorological year (TMY) data (China Meteorological Administration 2005)

10. Calculation period Summer and transition seasons (March to November, 6600 hours in total)
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modern meteorological data is used: A special 
meteorological data set for building thermal envir-
onment analysis in China (China Meteorological 
Administration 2005). Although the meteorological 
parameters have changed in the past thousands of 
years, the temperature fluctuation in China is rela-
tively small (only 1 ~ 2°C) (Jiang et al. 2015; Zhu  
1972). Therefore, in this study, the TMY data were 
used to create simulations for the four selected 
granaries. In addition, since the operation of gran-
aries requires a large site for field operations, gran-
aries are generally built in open areas. Accordingly, 
the shading of surrounding buildings is not consid-
ered in this present research. The granary models 
are shown in Figure 8.

2.4.2. Validation criteria
It is necessary to valid the established granary 
model before the actual simulation study. In the 
present research, two indices widely accepted by 
the architecture research are used: Normalized 
Mean Bias Error (NMBE) and Coefficient of 
Variation of Root Square Mean Bias Error CV 
(RMSE) (ASHRAE 2002). The items to validate gran-
ary models are measured by air temperature inside 
a granary and simulated air temperature inside 
a granary. The basic information of models and 
their sources are the same as Table 3, while the 
rest input parameters used for model validation 
and their sources are shown in Table 4.

The validation is conducted for Yingyi charitable 
granary, Tuyuan silo and Modern horizontal ware-
house. Noticeably, the model of Liyang underground 

silo cannot be validated. As previously pointed out, 
data required to validate the model cannot be 
obtained from on-site measurement. Instead, the 
model is directly created by using parameters offered 
by previous research (Zhang 2017). It should be 
noticed that when only traces are available, creating 
simulation model for historical granary without valida-
tion through measurement is an imperfect but accep-
table practice in granary thermal environment 
modeling (Pagliaro et al. 2016).

NMBE and CV (RMSE) are calculated by Equation (1) 
and Equation (2), respectively. 

NMBEð%Þ ¼
Pn

i¼1 tip � tim
� �

n � 1
�

1
tm
� 100 (1) 

CVðRMSEÞ ð%Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i¼1 tip � tim
� �2

n � 1

s

�
1

tm
� 100 (2) 

Where tip is the simulated air temperature of the 
node, tim is the test air temperature of the node tm, is 

Figure 8. Models of the four selected granaries: (a) Liyang underground silo; (b) Yingyi charitable granary; (c) Tuyuan silo and (d) 
Modern horizontal warehouse.

Table 4. Additional input parameters and their sources of 
three mathematical models for validation.

Parameters of model 
validation

Yingyi 
charitable 

granary
Tuyuan 

silo

Modern 
horizontal 
warehouse

1. Outdoor air temperature 
and relative humidity

On-site measurement

2. Solar radiation On-site measurement
3. Wind speed and direction Literature review (TMY data) (China 

Meteorological Administration 2005)
4. Infiltration/ventilation 

rate
On-site measurement

5. Indoor heat sources and 
human behavior

Field survey

6. Air conditioning system No air-conditioning system
7. Calculation period Same with on-site measurement period
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the arithmetic mean of the sample of n measured data, 
and n is the number of data during the test obtained 
from our on-site measurement.

2.4.3. Evaluation criteria
Previous studies show that the deterioration of grain 
quality is determined by complex factors such as mold 
growth, pest invasion, and the reduction of nutritional 
quality (Sánchez-Ramos, Álvarez-Alfageme, and 
Castañera 2007; Zhang et al. 2017). The occurrence of 
these factors depends on the temperature and moisture 
of the stored grain itself and the air temperature and 
relative humidity of the storage environment (Silva et al.  
2021; White, Hulasare, and Jayas 1999; Zhang et al.  
2017). Noticeably, when the storage environment tem-
perature is between 25°C and 35°C and the relative 
humidity is higher than 70%, insects and molds will 
dramatically grow. Furthermore, long-term high tem-
perature (i.e., >30°C) also speeds up the denaturation 
of proteins, decreasing grain’s appearance and nutri-
tional quality. Although some studies suggest that 
when the environment temperature is 40°C, the growth 
of pests and fungi will be slowed down, more studies 
reveal that low air temperature and low relative humid-
ity environment are more conducive to ensuring the 
safety of food storage (Chai et al. 2019; Kaleta and 
Górnicki 2012; Sánchez-Ramos, Álvarez-Alfageme, and 
Castañera 2007). In line with relevant literature and 
following the national norms (Bai et al. 2006; GB/T 
29890-2013 2013; Hammami, Ben Mabrouk, and Mami  
2017), air temperature (i.e., air temperature criterion: 
<20°C), relatively humidity (i.e., relative humidity criter-
ion: ＜70%) and the combination of the two are selected 
(i.e., comprehensive criterion: <20°C and ＜70%) as the 
criteria to evaluate grain storage environment.

3. Results

3.1. Climate responsive strategies of the four 
granaries

According to the literature review and field survey, the 
four typical granaries studied in the present research 
adopt different climate responsive strategies, even 
though they are all geologically located in North 
China Plain. Figure 9 shows the climate responsive 
strategies of the four granaries.

Liyang underground silo which was built in the Sui 
Dynasty (AD 583) was an underground granary. The 
building materials are simple and primary, mainly includ-
ing soil, wood, sand, etc. The architectural features reflect-
ing the climate responsive strategy include the 
underground space, the thick and heavy envelope (i.e., 
500 mm-thick clay wall, 780 mm-thick roof), the grain 
cover, the upper space (buffer space) and the sealed 
space (excellent air tightness). Specifically, underground 
space is conductive to a low air temperature inside the 
silo by using the low temperature beneath the ground. 
Thick and heavy envelope, grain cover and upper space 
can help the silo to resist random changes of outdoor air 
temperature and solar radiation by using building con-
struction’ thermal resistance and thermal inertia.

Yingyi charitable granary built in Qing Dynasty 
(AD1898) is an above-ground granary. Apart from 
wood, its building materials mainly include grey brick, 
clay, etc. The architectural features reflecting its cli-
mate responsive strategy include thick and heavy 
envelope (i.e., 450 mm-thick grey brick wall), the air 
space layer (i.e., 600 mm-high air layer between the 
grain storage space and the ground), the openings in 
the lower part of the wall and the dormer windows. As 
in the case of Liyang underground silo, thick and heavy 

Figure 9. Climate responsive strategies of the four granaries in different historical periods.
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envelope can help the granary to deal with random 
changes of outdoor air temperature and solar radiation 
by utilizing building envelope’s thermal resistance and 
thermal inertia. The air space layer can avoid the direct 
connection between damp ground and loaded grains. 
The openings in the lower part of the wall and the 
dormer windows can further control grain storage 
environment (relative humidity) by introducing out-
door air via natural ventilation. Since Yingyi charitable 
granary, the design of ventilation and infiltration has 
been introduced into the creation of grain storage 
environment. However, limited by their construction, 
the openings and dormer windows have been kept 
open all the time, avoiding a humid environment. But 
in this case, it is difficult to control temperature.

Following the Yingyi charitable granary, Tuyuan silo 
was built shortly after People’s Republic of China was 
established (AD1952) and it is an above-ground gran-
ary. The building materials mainly include gray brick 
and clay, etc. The architectural features reflecting the 
climate responsive strategy include thick and heavy 
envelope (i.e., 950 mm-thick grey brick wall, 1400 mm- 
thick floor), 15 windows and a small door on the top of 
wall. Like Yingyi charitable granary, building envel-
ope’s thermal resistance and thermal inertia are 
exploited to create desirable air temperature. 
Moreover, the 15 windows and a small door allow the 
natural ventilation of the granary. Unlike the Yingyi 
charitable granary, these windows are switchable, 
making it possible to control both temperature and 
humidity.

Modern horizontal warehouse is also an above- 
ground granary, it was built in 2002. The building mate-
rials mainly include brick, concrete, etc. The architectural 
features reflecting its climate responsive strategy 
include thick and heavy envelope (i.e., 290/410/530  
mm-thick brick wall), 14 windows and 2 small doors on 
the top of wall, and new types of thermal insulation 
materials (i.e., cement expanded perlite and rigid plas-
tics polyurethane foam). In addition to the common 
architectural features of Yingyi charitable granary and 
Tuyuan silo, the application of new materials further 
increased the thermal resistance of roof and the front 
door. In addition, inherited from Tuyuan silo, windows 
can be either closed or opened, making it possible to 
control both humidity and temperature during the silo’s 
operation.

3.2. On-site measurement results

Due to limited space, only results related to grain 
storage environment and outdoor climate data (i.e., 
air temperature and relative humidity inside/outside 
a granary, solar radiation) and infiltration/ventilation 
rate rates are reported here.

Figure 10 shows the indoor and outdoor air tem-
perature, indoor and outdoor relative humidity, and 
solar radiation for the three granaries during the 
measurement period. Regarding Yingyi charitable 
granary, during the measurement period, the indoor 
and outdoor average temperatures was 31.1°C and 
29.4°C, respectively; the maximum outdoor air tem-
perature difference was 13°C, nevertheless, the max-
imum indoor air temperature difference was 6.6°C. 
The indoor and outdoor average relative humidity 
was 59.1% and 69.1%, respectively. The maximum 
outdoor solar radiation is 898.9W/m2 and the aver-
age value is 357.0W/m2 during the daytime. As for 
Tuyuan silo, during the measurement period, the 
indoor and outdoor average temperatures was 
29.3°C and 27.3°C, respectively; the maximum out-
door air temperature difference was 13.3°C, never-
theless, the maximum indoor air temperature 
difference was 3.7°C. The indoor and outdoor aver-
age relative humidity was 63.9% and 71.9%, respec-
tively. The maximum outdoor solar radiation is 
956.8W/m2 and the average value is 449.2W/m2 

during the daytime. As to Modern horizontal ware-
house, during the measurement period, the indoor 
and outdoor average temperatures was 28.5°C and 
26.9°C, respectively; the maximum outdoor air tem-
perature difference was 12.5°C, nevertheless, the 
maximum indoor air temperature difference was 
2.8°C. The indoor and outdoor average relative 
humidity was 68.8% and 74.7%, respectively. The 
maximum outdoor solar radiation is 904.6W/m2 

and the average value is 447.4W/m2 during the 
daytime.

The measured results of infiltration/ventilation 
rates are listed as follows: 2, 0.3 and 0.1 times/h, 
for Yingyi charitable granary, Tuyuan silo and 
Modern horizontal warehouse, respectively.

3.3. Validation results

The validation results are shown in Figure A1. The 
NMBE and CV(RMSE) values of Yingyi charitable gran-
ary are 2.79% and 4.12%, respectively. The correspond-
ing values of Tuyuan silo are 2.80% and 3.06%, 
respectively. And the corresponding values of 
Modern horizontal warehouse are −3.26% and 3.42%, 
respectively. The validation proves the reliability of 
software and the validity of models which will be 
used in the following simulation study.

3.4. Simulation results

After obtaining the simulation results of the 6600-hour 
temperature and relative humidity, we used heat map 
and box plot to visualize the simulation results. The 
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heat map shows the hourly distribution of temperature 
and relative humidity in the granaries. The box plot 
shows the monthly volatility of temperature and rela-
tive humidity.

3.4.1. Simulation results of Liyang underground 
silo (AD 583)
Figure 11(a) shows the simulation results of hourly 
indoor air temperature in the summer and transition 
seasons of Liyang underground silo. The indoor air 

temperature is lower than 20°C for 5858 hours, 
accounting for 88.8% of the total simulated hours. 
Figure 11(b) shows the box plot of monthly air tem-
perature range. As figure shows, the indoor air tem-
perature inside the silo is almost below 20°C in all 
simulated hours. The lowest monthly average tem-
perature reaches 3.6°C, which occurred in March. The 
highest monthly average temperature occurs in 
August with a temperature of 20.5°C. The simulation 
results indicate that the climate responsive strategies 

Figure 10. The measurement results of (a) Yingyi charitable granary; (b) Tuyuan silo and (c) Modern horizontal warehouse.
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of Liyang underground silo (i.e., the underground 
space, the thick and heavy envelope, the grain cover, 
the buffer space and the excellent air tightness) can 
withstand the high outdoor temperature environment 
effectively.

Figure 11(c) shows the simulation results of hourly 
relative humidity. Relative humidity in Liyang 

underground silo is below 70% for 2356 h, accounting 
for 35.7% of the total simulated hours. Figure 11(d) 
shows the box plot of monthly relative humidity. As 
figure shows, the relative humidity is always above 
70% from May to September. All the simulated hours 
in November have relative humidity below 70%. More 
than 80% of the simulation hours in March and 

Figure 11. Simulation results of Liyang underground silo in the summer and transition seasons: (a) hourly indoor air temperature; 
(b) monthly indoor air temperature range; (c) hourly indoor relative humidity; (d) monthly indoor relative humidity range.

Figure 12. Simulation results of Yingyi charitable granary in the summer and transition seasons: (a) hourly indoor air temperature; 
(b) monthly indoor air temperature range; (c) hourly indoor relative humidity; (d) monthly indoor relative humidity range.
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October has the relative humidity below 70%. In April, 
40% of the simulation hours have the relative humidity 
below 70%. The lowest monthly average relative 
humidity is 45.8%, which occurs in November, and 
the highest 98%, which occurs in August.

The results show that the relative humidity in Liyang 
underground silo is high throughout the entire simu-
lated period. In particular, in summer the relative 
humidity can be as high as 90%. The characteristics 
of high relative humidity in the underground space 
have been presented in previous studies (Galgaro 
et al. 2020; Mazarrón et al. 2013).

3.4.2. Simulation results of Yingyi charitable 
granary (AD1898)
Figure 12(a) shows the simulation results of hourly 
indoor air temperature in the summer and transition 
seasons of Yingyi charitable granary. The indoor air 
temperature is lower than 20°C for 2518 h, accounting 
for 42.6% of the total simulated hours. Figure 12(b) 
shows box plot of monthly air temperature range. As 
the figures show, all the simulated hours in March and 
November are below 20°C. More than 70% simulated 
hours in April and October have the indoor air tem-
perature below 20°C. As of May and September, only 
about 10% of the simulated hours have the indoor air 
temperature below 20°C. June, July and August (sum-
mer season) have 100% of the simulated hours with 
temperature higher than 20°C. The lowest monthly 
average temperature is 7.0°C, which occurs in 
November, and the highest monthly average tempera-
ture is 28.9°C, which occurs in July. Generally, Yingyi 

charitable granary fails to address the high tempera-
ture in summer season. The non-closable ventilation 
construction makes the air temperature inside granary 
subject to the outdoor temperature.

Figure 12(c) shows the simulation results of 
hourly relative humidity. Relative humidity in 
Yingyi charitable granary is below 70% for 5548 h, 
accounting for 84.1% of the total simulated hours. 
Figure 12(d) shows the box plot of monthly relative 
humidity. Overall, the granary has good perfor-
mance on humility control. Among all the simula-
tion months, more than 80% of the simulated hours 
in March, April, May, June and September have the 
relative humidity below 70%. July, August and 
November have slightly weaker control over relative 
humidity. The lowest monthly average relative 
humidity is 36.4%, which occurs in March, and the 
highest monthly average relative humidity is 65.2%, 
which occurs in July. The simulation results show 
that although the monthly fluctuation in relative 
humidity is large, the overall humidity control is 
acceptable. The non-closable ventilation construc-
tion can help control relative humidity inside the 
granary by introducing outdoor air.

3.4.3. Simulation results of Tuyuan silo (AD1952)
Figure 13(a) shows the simulation results of hourly 
indoor air temperature in the summer and transi-
tion seasons of Tuyuan silo, the indoor air tempera-
ture is lower than 20°C for 2434 h, accounting for 
36.9% of the total simulated hours. Figure 13(b) 
shows box plot of monthly air temperature range. 

Figure 13. Simulation results of Tuyuan silo in the summer and transition seasons: (a) hourly indoor air temperature; (b) monthly 
indoor air temperature range; (c) hourly indoor relative humidity; (d) monthly indoor relative humidity range.
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As figure shows, all the simulated hours in March 
and November are below 20°C. More than 80% and 
50% simulated hours in April and October have the 
indoor air temperature below 20°C, respectively. 
From May to September, all the simulated hours 
have the indoor air temperature above 20°C. The 
lowest monthly average temperature reaches 
12.4°C, which occurs in March. The highest monthly 
average temperature occurs in July with 
a temperature of 30.2°C. The simulation results 
clearly show the adjustment of outdoor tempera-
ture fluctuation by the climate responsive strategies 
of Tuyuan silo (i.e., the thick and heavy envelope). 
However, there are still considerable simulated 
hours with high temperature, indicating that the 
thermal insulation design needs to be strengthened.

Figure 13(c) shows the relative humidity heat 
map. Relative humidity in Tuyuan silo is below 
70% for 6220 h, accounting for 94.2% of the total 
simulated hours. Figure 13(d) shows the box plot of 
monthly relative humidity. As the figure shows, 
except for July, the other months have more than 
90% of the simulation hours with relative humidity 
below 70%. The lowest monthly average relative 
humidity is 37.9%, which occurs in March, and the 
highest monthly average relative humidity is 65.2%, 
which occurs in July. The results show that Tuyuan 
silo has great relative humidity performance, which 
basically meets the humidity requirement of safe 
grain storage.

3.4.4. Simulation results of modern horizontal 
warehouse (AD2002)
Figure 14(a) shows the simulation results of hourly 
indoor air temperature in the summer and transi-
tion seasons of Modern horizontal warehouse. The 
indoor air temperature is lower than 20°C for 2726 
h, accounting for 41.3% of the total simulated 
hours. Figure 14(b) shows the box plot of monthly 
air temperature range. As figure shows, the indoor 
air temperature of all the simulated hours from May 
to August is above 20°C. All the simulated hours in 
March and November are below 20°C. More than 
80% simulated hours in April and October have the 
indoor air temperature below 20°C. In September, 
only about 6% of the simulated hours have indoor 
air temperature below 20°C. The lowest monthly 
average temperature reaches 11.8°C, which occurs 
in November. The highest monthly average tem-
perature occurs in July with a temperature of 
29.3°C. The simulation results show that, despite 
the climate responsive strategies are applied in 
Modern horizontal warehouse (i.e., thick and heavy 
envelope, new types of thermal insulation materials, 
windows and doors), the indoor air temperature 
cannot be satisfied. In particular compared to 
Liyang underground silo, the granary build 1400  
year ago, the number of hours meeting the safe 
temperature requirements is reduced by 3132 h. 
A more scientific design for the grain storage envir-
onment of modern granary is necessary.

Figure 14. Simulation results of Modern horizontal warehouse in the summer and transition seasons: (a) hourly indoor air 
temperature; (b) monthly indoor air temperature range; (c) hourly indoor relative humidity; (d) monthly indoor relative humidity 
range.
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Figure 14(c) shows the simulation results of hourly 
relative humidity. Relative humidity in Modern hor-
izontal warehouse is below 70% for 5468 h, 
accounting for 82.8% of the total simulated hours. 
Figure 14(d) shows the box plot of monthly relative 
humidity. As the figure shows, relative humidity is 
always below 70% in March, May and June; More 
than 95% of the simulation hours in April and 
October have the relative humidity below 70%. 
More than 70% of the simulation hours in 
September and November have the relative humid-
ity below 70%. In July and August, 49.7% and 51.1% 
of the simulation hours have the relative humidity 
below 70%, respectively. The lowest monthly aver-
age relative humidity is 38.9%, which occurs in 
March, and the highest monthly average relative 
humidity is 69.8%, which occurs in August. Overall, 
the relative humidity performance of the warehouse 
is excellent.

4. Discussion

The discussion has three parts. Firstly, it briefly dis-
cusses the methodological contribution of the present 
study. Secondly, a comparative analysis of grain sto-
rage environment of four granaries based on the simu-
lation results is presented to articulate their historical 
vicissitudes. Thirdly, the lessons for designing modern 
granaries and improving their grain storage environ-
ment is presented.

4.1. Methodology contribution

The present research combines a longitudinal perspec-
tive and quantitative modeling to investigate the vicis-
situdes of four historical granaries. Specifically, 
consistent with the emerging study (Moolavi 
Sanzighi, Soflaei, and Shokouhian 2021), the present 
research selected four historical granaries built in dif-
ferent periods in the North China Plain, mathematically 
simulated, and subsequently compared their perfor-
mance in creating grain storage environment. This 
longitudinal-quantitative approach allows several 
unique advantages. First, multiple historical granaries 
are selected, analyzed, and compared using identical 
criteria and similar procedures. Compared to studies 
separately exploring different historical granaries (Saá 
et al. 2011, 2012), the longitudinal-quantitative 
approach ensures the comparability of the analysis of 
different historical granaries, contributing to the inter-
nal validity. Second, unlike qualitative methods, math-
ematical modeling and simulation make it possible to 
integrate a wide range of factors (e.g., diverse climate 
responsive design methods) and their interactions into 
consideration. Thus, the complex effect of different 
climate responsive strategies is summarized and quan-
tified as several simple indexes (temperature criterion, 
humidity criterion, and comprehensive criterion), mak-
ing longitudinal comparisons more intuitive. 
Accordingly, the longitudinal-quantitative approach 
offers future research a valid and easy-to-understand 
way to examine the dynamism of historical granaries 

Figure 15. Comparison of grain storage environment created by four granaries.
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and explore the vicissitudes of grain storage environ-
ment created by them.

4.2. Grain storage environment vicissitudes of 
four granaries

Based on the simulation results, the grain storage 
environment of the four selected granaries is com-
pared and ranked, which characterizes the vicissi-
tudes of grain storage environment of them. 
Figure 15 shows the comparison of grain storage 
environment, in terms of the three criteria.

In terms of temperature criterion, Liyang under-
ground silo 5858 h > Yingyi charitable granary 2815 
h > Modern horizontal warehouse 2726 h > Tuyuan silo 
2434 h;

In terms of humidity criterion: Tuyuan silo 6220 
h > Yingyi charitable granary 5548 h > Modern 
horizontal warehouse 5468 h > Liyang underground 
silo 2356 h;

In terms of comprehensive criterion: Modern hori-
zontal warehouse 2512 h > Tuyuan silo 2381 h > Yingyi 
charitable granary 2359 h > Liyang underground silo 
2356 h.

It is found that when both air temperature and 
relative humidity are taken into account, the grain 
storage environment inside the four granaries does 
gradually improve with time. But the improvement 
over time is small (2512 vs. 2381 vs. 2359 vs. 2356  
hours). Even Modern horizontal warehouse, the best 
performer among the four granaries studied, failed 
to provide sufficient hours (38.1%) for safe grain 
storage environment. In terms of temperature cri-
terion, Liyang underground silo achieved the best 
performance, and as history progressed, the tem-
perature performance of the granaries showed 
a significant deterioration followed by a slight 
improvement. Compared with Liyang underground 
silo, the simulated hours that meet the safe grain 
storage temperature are reduced by 46.1%, 51.9% 
and 47.5% for Yingyi charitable granary, Tuyuan silo, 
and Modern horizontal warehouse, respectively. In 
terms of humidity criterion, Liyang underground silo 
had the worst performance, and as history pro-
gressed, the relative humidity performance of the 
granaries showed a significant improvement fol-
lowed by a slight deterioration. Compared with 
Liyang underground silo, the simulated hours that 
meet the safe grain storage humidity are raised by 
48.4%, 58.5%, 47.1% for Yingyi charitable granary, 
Tuyuan silo, and Modern horizontal warehouse, 
respectively.

Further analysis of Figure 15, it shows that the four 
granaries showed two different grain storage environ-
ment creating strategies.

Specifically, the strategy adopted by Liyang under-
ground silo is simply prioritizing air temperature at the 

cost of relative humidity. Accordingly, Liyang under-
ground silo yields a strikingly high performance with 
about 90% of the total simulated hours (i.e., 5858 h) 
meeting the air temperature criterion. But only about 
36% of the total simulated hours (i.e., 2356 h) can meet 
the humidity criterion, which is the worst relative 
humidity performance among the four granaries. As 
a result, the final grain storage environment of this 
granary is constrained by its relative humidity, result-
ing in about 36% of the total simulated hours (i.e., 2356 
h) meeting the comprehensive criterion. This tempera-
ture-first strategy is commonly used by almost all 
underground granaries (Wang, Tian, and Liu 2018). It 
entails the following climate responsive strategies: the 
underground space, the thick and heavy envelope, the 
grain cover and the upper space (buffer space) and the 
sealed space.

By contrast, the three above-ground granaries 
(Yingyi charitable granary, Tuyuan silo and Modern 
horizontal warehouse) seek for a humidity-first strat-
egy. That is, these granaries utilize ventilation and 
infiltration to control the relative humidity inside 
a granary but fail to regulate air temperature. 
Averagely, about 87% of the total simulated hours 
can successfully control the relative humidity (5548 
vs. 6220 vs. 5468 h for the three granaries, respec-
tively). Meanwhile, only about 40% of the total simu-
lated hours can meet the air temperature criterion 
(2815 vs. 2434 vs. 2726 h for the three granaries respec-
tively). Consequently, the final grain storage environ-
ment of three granaries is constrained by their air 
temperature, resulting in on average about 37% of 
the total simulated hours (i.e., 2359, 2381, 2512 h for 
the three granaries respectively) meeting the compre-
hensive criterion. This humidity-first strategy pre-
sented by above-ground granaries entails the two 
types of climate responsive strategies. First, the thick 
and heavy envelope is inherited from early under-
ground granary to handle high temperature outside 
the granary via exploiting the envelope’s thermal resis-
tance and thermal inertia. Although, limited by the lack 
of scientific design, the temperature control is not 
effective. For example, Yingyi charitable granary uses 
450 mm grey brick walls; Tuyuan silo uses 950 mm clay 
brick walls, 1400 mm floor; and Modern horizontal 
warehouse uses 290/410/530 mm brick walls. More 
importantly, design of ventilation and infiltration was 
introduced to the grain storage environment design, 
such as the dormer windows and openings in the 
lower part of the wall in Yingyi charitable granary and 
the windows (and doors) in Tuyuan silo and Modern 
horizontal warehouse. It needs to be emphasized that 
the treatment of granary windows (and doors) and the 
granary operating conditions in the measurement and 
simulation is in line with the actual ventilating/operat-
ing practice of each granary. As a result, the measure-
ment and the simulation results of the present 
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research reflect the grain storage environment with 
windows and doors closed. Specifically, as mentioned 
previously, Yingyi charitable granary has non-closable 
ventilation constructions such as the openings built in 
the lower part of the wall and the dormer windows, 
which are different from regular doors and windows 
(see Figure 4(a,d) also see Figure 9). Thus, the measure-
ment and simulation results of Yingyi charitable gran-
ary reflect the grain storage environment under the 
ventilation condition but with windows and doors 
closed. As to Tuyuan silo and Modern horizontal ware-
house, their measurement and simulation results 
reflect the grain storage environment of windows 
and doors closed with infiltration available.

As the results show, although the four granaries 
adopt two different strategies to create grain storage 
environment, the final results are very similar. In other 
words, in the past 1400 years, the grain storage envir-
onment, when considering both air temperature and 
relative humidity, has not been significantly improved. 
On average, over 60% of the total simulated hours are 
unsuitable for grain storage. The reason why different 
granaries using different architectural features gener-
ates similar results is presumably because the two 
strategies used by them failed to achieve a balance 
between temperature and humidity. As demonstrated 
in Figure 15, a negative relation between air tempera-
ture and relative humidity is repeatedly observed. The 
final grain storage environment evaluated by the com-
prehensive criterion is conditioned by the lowest per-
formance, not the highest performance. Thus, any 
grain environment creating strategy prioritizing 
a single dimension will not create sufficient hours. 
Therefore, a deliberate trade-off between air tempera-
ture and relative humidity must be made to improve 
the grain storage environment of future granaries, 
which may require the engagement of a more scien-
tific climate responsive design or an active design. 
Overall, the results suggest that the granary design in 
North China Plain and climate responsive strategies 
demand optimization.

4.3. Inspiration to the grain storage environment 
design of modern granaries

The design of future granaries can follow the example 
of underground silo to secure a desirable air tempera-
ture via utilizing soil’s thermal inertia and thermal 
resistance. Meanwhile, ventilation is also necessary to 
decrease relative humidity. On the other hand, the 
design of future granaries can also follow the cases of 
above-ground granaries, by utilizing ventilation/infil-
tration to ensure a desirable relative humidity. 
Meanwhile, thick and heavy envelope (i.e., thermal 
resistance and thermal inertia) should be strengthened 
to better withstand the effects of outdoor tempera-
ture. Besides, some of more modern architectural 

features should be added to further regulate the influ-
ence of high temperature and solar radiation outside 
a granary. For example, shading design can help to 
block solar radiation, efficiently controlling indoor 
overheating. Likewise, reflective coating design can 
reduce the solar radiation absorbed by a granary’s 
envelope, significantly reducing solar heat gain. 
Additionally, future granaries can also add evaporative 
cooling design to further cool down the temperature 
of envelope.

Moreover, the present research also has some 
limitations which offers opportunities for future 
research. First, all the measurements and 
simulations are based on empty granaries since his-
torical granaries are usually out of usage and being 
protected as heritage traces. However, the actual 
effect of climate responsive strategies may not be 
exactly the same when grain loading is taken into 
account. For example, grain loading will produce 
additional heat and humidity due to grain’s respira-
tion. Future research can add grain loading para-
meters to simulation process to establish a more 
accurate comparison. Second, modern warehouses 
take diverse forms including squat silo, silo, horizon-
tal warehouse. In the present research, only horizon-
tal warehouse is selected as one of the research 
projects because it is the most common form of 
modern warehouse in North China Plain (Wang  
2007). Future should investigate other forms of mod-
ern warehouses and compare how different forms 
create grain storage environment differently. Third, 
due to the limited space and research focus, the 
inspiration for the grain storage environment design 
of modern granaries presented by this paper is based 
on qualitative analysis. Quantitative calculation 
should be conducted to analyze and optimize the 
selection and combination of related design methods 
when a granary is designed in practice.

5. Conclusion

This study examines the historical vicissitudes of the 
grain storage environment of four historical granaries 
with different historical periods in the North China 
Plain and their climate responsive strategies. Our 
results indicate that over the past fourteen centuries, 
the strategy to create a desirable grain storage envir-
onment has shifted from a temperature-first strategy 
to a humidity-first strategy in this area. 
Correspondingly, this strategic shift results in changes 
in grain storage environment creation techniques (i.e., 
climate responsive design strategies) of four granaries. 
Notably, the comparative results show that despite the 
above differences, the overall grain storage environ-
ment of four granaries has only slightly improved with 
the passage of time. Therefore, grain environment 
creating strategies prioritizing a single dimension 
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(temperature vs. humidity) will hardly create a stable 
and desirable environment for grain storage. 
A deliberate trade-off between controlling air tem-
perature and reducing relative humidity should be 
made to improve the grain storage environment of 
future granaries. Four granaries’ climate responsive 
design can thus better inform the design of the mod-
ern granaries. The main conclusions of this paper are as 
follows:

(1) In terms of comprehensive criterion, the grain 
storage environment inside the four granaries 
has not experienced significant improvement. 
The number of hours for safe grain storage 
has only increased by 2.36% in the past 1400  
years.

(2) Climate responsive strategies of Liyang under-
ground silo include underground space, thick 
and heavy envelope, a grain cover, buffer 
space, and the excellent air tightness. These 
strategies created an excellent indoor tempera-
ture environment. Climate responsive strategies 
of Yingyi charitable granary include thick and 
heavy envelope, an air space layer, openings in 
the lower part of the wall, and the dormer win-
dows. Climate responsive strategies of Tuyuan 
silo include thick and heavy envelope, 15 win-
dows (and a small door) on the top of wall. 
Climate responsive strategies of Modern hori-
zontal warehouse include thick and heavy 
envelope, 14 windows (and 2 small doors) on 
the top of wall, and new types of thermal insula-
tion materials applied on roof and the front 
door. The similar climate responsive strategies 
of the three granaries are very beneficial to 
humidity control, but not to temperature 
control.

(3) It is necessary to apply and optimize the climate 
responsive strategies, to generate enhanced sto-
rage environments for the future granary. 
Underground space is an excellent design 
method to create a suitable temperature for 
granary, but ventilation/dehumidification must 
be considered at the same time. Ventilation/infil-
tration can ensure a desirable relative humidity, 
but at the same time the heavy envelope (i.e., 
thermal resistance and thermal inertia) should be 
further strengthened to better withstand the 
influence of outdoor temperature. Moreover, 
modern climate responsive design should be 
added to further decrease the influence of high 
outdoor air temperature and solar radiation.
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Appendices

Table A1. Construction and thermal parameters of Liyang underground silo.

Construction
Material 

(out to in)
Thickness 

(mm)
Thermal 

conductivity (W/m·K)
Density 
(kg/m3)

Specific heat 
(J/kg·K)

Thermal resistance 
(m2·K/W) Thermal inertia

Basement wall Wood plate 30 0.14 500 2510 0.37 1.18
Grass mat 20 0.13 300 1680

First floor wall Clay 500 0.93 1800 1010 0.54 5.93
Floor Grass mat 20 0.13 300 1680 0.92 2.02

Wood plate 30 0.14 500 2510
Chaff 20 0.06 120 2010
Wood plate 30 0.14 500 2510

Grain cover Sand 200 0.58 1600 1010 10.65 13.77
Grass mat 20 0.13 300 1680
Chaff 600 0.06 120 2010
Grass mat 20 0.13 300 1680

Roof Clay with grass 300 0.58 1400 1010 7.21 15.08
Hay 230 0.047 100 2010
Grass mat 20 0.13 300 1680
Wood plate 30 0.14 500 2510
Wood purlin 200 0.14 500 2510

Table A2. Construction and thermal parameters of Yingyi charitable granary.

Construction
Material 

(out to in)
Thickness 

(mm)
Thermal 

conductivity (W/m·K)
Density 
(kg/m3)

Specific heat 
(J/kg·K)

Thermal resistance 
(m2·K/W) Thermal inertia

Wall Grey brick 450 0.81 1800 1050 0.56 5.53
Floor Compacted Clay 200 0.93 1800 1010 1.08 5.26

Grey brick 60 0.81 1800 1050
Air space 600 Thermal resistance: 0.15 m2·K/W
Wood plate 80 0.14 500 2510
Grey brick 60 0.81 1800 1050

Roof Tile 60 0.57 1121 836 0.81 4.69
Clay 80 0.93 1800 1010
Grey brick 40 0.81 1800 1050
Wood purlin 80 0.14 500 2510

Door Wood 50 0.14 500 2510 0.36 1.38
Window Wood 10 0.14 500 2510 0.07 0.28
Dormer window Wood 20 0.14 500 2510 0.14 0.55

Table A3. Construction and thermal parameters of Tuyuan silo.

Construction
Material 

(out to in)
Thickness 

(mm)
Thermal 

conductivity (W/m·K)
Density 
(kg/m3)

Specific heat 
(J/kg·K)

Thermal resistance 
(m2·K/W) Thermal inertia

Wall Lime and gypsum mortars 5 0.76 1500 1050 1.17 11.68
Cement mortar 20 0.93 1800 1050
Grey brick 900 0.81 1800 1050
Cement mortar 20 0.93 1800 1050
Lime and gypsum mortars 5 0.76 1500 1050

Floor Compacted clay 800 0.93 1800 1010 1.60 16.87
Grey brick 600 0.81 1800 1050

Roof Tile 30 0.57 1121 836 0.77 3.62
Clay 60 0.93 1800 1010
Grass mat 10 0.13 300 1680
Wood purlin 80 0.14 500 2510

Door Wood 50 0.14 500 2510 0.36 1.38
Window Glass 3 0.76 2500 840 0.004 0.04

JOURNAL OF ASIAN ARCHITECTURE AND BUILDING ENGINEERING 23



Table A4. Construction and thermal parameters of Modern horizontal warehouse.

Construction
Material 

(out to in)
Thickness 

(mm)
Thermal 

conductivity (W/m·K)
Density 
(kg/m3)

Specific heat 
(J/kg·K)

Thermal resistance 
(m2·K/W)

Thermal inertia

Wall Lime and gypsum mortars 5 0.76 1500 1050 0.37/0.53/0.69 3.75/5.33/6.90
Cement mortar 20 0.93 1800 1050
Clay brick 240/360/480 0.76 1700 1050
Cement mortar 20 0.93 1800 1050
Lime and gypsum mortars 5 0.76 1500 1050

Floor Compacted clay 300 0.93 1800 1010 0.5 6.27
Limestone 100 1.16 2000 920
Concrete 160 1.74 2500 920

Roof Tile 30 0.57 1121 836 0.51 2.93
Cement mortar 20 0.93 1800 1050
Cement expanded perlite 80 0.21 600 1170
Cement mortar 20 0.93 1800 1050
Concrete 60 1.74 2500 920

Front door Iron 5 58.2 7850 480 1.67 0.5
Rigid plastics polyurethane foam 40 0.024 35 1380
Iron 5 58.2 7850 480

Small door Wood 10 0.14 500 2510 0.29 0.55
Air space 30 Thermal resistance: 0.15 m2·K/W
Wood 10 0.14 500 2510

Window Glass 3 0.76 2500 840 0.004 0.04

Table A5. Models and parameters of instruments.
Measurement parameters Instruments name Measurement range Accuracy

Air temperature HOBO U23–001 −40°C to 70°C ±0.18°C
Relative humidity HOBO U23–001 0% to 100% ±0.18°C
Surface temperature HOBO U23–003 −40°C to 70°C ±2.5%
Solar radiation Apogee MP-200 0 W/m2 to 1999W/m2 ±5%
Infiltration/ventilation rate 

(CO2 concentration)
TANDD TR-76Ui 0 ppm to 9999ppm ±50ppm
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Figure A1. The air temperature comparison between simulation and measurement: (a) Yingyi charitable granary; (b) Tuyuan silo 
and (c) Modern horizontal warehouse..
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