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Summary 

In its effort to ensure food security for its vast and still growing population input 

intensification in crop production has been one of China’s major strategies over the last 

decades. However, in recent years the negative environmental impact of the highly intensive 

crop production becomes apparent. Apart from pollution and degradation of soil and water 

resources, especially the emission of greenhouse gases (GHG) and the respective 

contribution to global climate change constitutes a major sustainability issue of crop 

production in China. Globally climate change endangers stability, productivity and 

profitability of major crop production systems, with crop production in China being 

especially vulnerable. 

The winter wheat - summer maize (WW-SM) double cropping system plays a crucial role for 

China’s national food security, constituting the most important cropping system of northern 

China. Strong research efforts mainly focusing on field experiments are ongoing to improve 

this production system, especially with regard to its resource use efficiency. However, most 

research insufficiently considers the economic viability of the proposed improvement 

strategies, largely ignoring farmers’ actual crop management. Therefore this study aims to 

fill this void by assessing farmers’ actual crop management in the WW-SM production 

system, with regard to its environmental and economic performance to derive suitable 

improvement strategies for more sustainable crop production in China, with special regard 

to GHG mitigation in the North China Plain (NCP). 

This cumulative PhD thesis consists of three papers published or accepted for publication 

with revision in international peer-reviewed journals. The research was accomplished within 

the frame of the DFG funded “International Research Training Group” on “Modeling 

Material Flows and Production Systems for Sustainable Resource Use in Intensified Crop 

Production in the North China Plain”. A field survey conducted in 2011 interviewing 65 WW-

SM producing farm households constitutes the core data base for the thesis’ analysis. The 

data was supplemented by key-informant interviews and specific secondary data. Partial life 

cycle analysis and economic assessment were conducted, comprising GHG emission, product 

carbon footprint (PCF), gross margin (GM), variable cost per unit product (VC) and life cycle 

costing (LCC) as key environmental and economic indicators, respectively. 
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The first article describes the status quo of single farm environmental and economic 

performance of 65 WW-SM producers. The results revealed a huge heterogeneity among 

farms, with up to five times higher environmental impact of worst compared to best 

performing farms. Astonishingly no trade-off between productivity and sustainability could 

be identified in the region; high yield farms emit no different amounts of GHG per hectare 

compared to low yield farms. Building on cluster analysis, with farms grouped according to 

their economic and environmental performance into “poor”, “fair” and “good” producers, 

the regional GHG mitigation potential was estimated. Under the scenario assumption that all 

grain in the NCP is produced under “good” production conditions, 21% and 7% of GHG could 

be mitigated in wheat and maize production, respectively. The analysis of the first article 

clearly revealed the existing heterogeneity among farmers’ environmental and economic 

performance of crop production, and highlighted the GHG mitigation potentials in the region. 

To be able to address the existing heterogeneity and develop strategies towards attaining 

GHG mitigation in practice, the second article aimed at assessing the factors determining 

farmers’ current environmental and economic performance. While on average 4107 and 

3185 kg CO2-equivalent GHG emissions per hectare, and LCC of 1176 and 1190 US$ per 

hectare were determined for WW and SM, respectively, a huge variation exists among 

producers. Using stepwise multiple linear regression (SMLR) it was revealed that nitrogen 

(N) input and electricity for irrigation were responsible for 0.787 and 0.802 of variability 

(adjusted R2) in the GHG emission results of the WW and SM production, respectively. 

Electricity for irrigation and labor were the most significant factors explaining the differences 

in LCC of WW and SM production, with an adjusted coefficient of determination (adjusted 

R2) of 0.397 and 0.29. This observation indicates that N input, electricity for irrigation and 

labor input are key target areas for lowering GHG emissions and production costs of the 

WW-SM production system in the NCP. 

As revealed by the analysis of the second article reducing the overuse of N fertilizer, which 

actually constitutes a major current issue of overall crop production in China, offers great 

potential for reducing GHG emissions and production costs in the WW-SM production 

system. Until now, the ongoing efforts to reduce farmers’ excessive use of N, which include 

the promotion of technologically sophisticated N management schemes, show limited 

success, with farmers N rates in the NCP maintaining at rates far above actual crop demand. 

Therefore in the third article three simple and easily to apply N fertilizer recommendation 

strategies are tested, which could be implemented on large scale through the existing 
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agricultural advisory system of China, at comparatively low cost. Building on the detailed 

crop production dataset of the 65 WW-SM producing farm households, scenario analysis 

was applied. The effects of the three N strategies under constant and changing yield levels 

on PCF and GM were determined for the production conditions of every individual farm 

household. The N fixed rate strategy realized the highest improvement potential in PCF and 

GM in WW; while the N coefficient strategy performed best in SM. The analysis furthermore 

revealed that improved N management has a significant positive effect on PCF, but only a 

marginal and insignificant effect on GM. On the other side, a potential 10% yield loss would 

have only a marginal effect on PCF, but a detrimental effect on farmers’ income. With 

farmers currently applying excessive N rates as a “cheap insurance” against potential N 

limitations, the agricultural advisory system of China requires fundamental changes to 

successfully overcome the excessive fertilizer use and respective environmental pollution. 

The third article concludes that the indirect subsidization of N fertilizers should be stopped 

and additional agro-environmental policy instruments need to be considered.  

The presented thesis gives valuable contributions to the development of environmentally 

and economically more sustainable crop production systems in the NCP. The thesis 

recognizes the existing heterogeneity in performance among farm households as a key-

priority for designing and implementing promising improvement strategies for crop 

production. The cascading analysis procure followed by the three articles clearly shows that 

potential optimizations in farmers’ crop management aiming at reducing environmental 

impact, will at the same time lead to a favorable development in economic terms. Thus, the 

thesis highlights that the existing huge potentials are by far not exploited yet. The thesis 

concludes that an adjustment in the agricultural advisory system is required, supported by 

more interdisciplinary research, which is able to address the inherent complexity of realizing 

more sustainable crop production in China. 
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Zusammenfassung 

In seinen Anstrengungen Ernährungssicherheit für seine riesige und immer noch wachsende 

Bevölkerung zu gewährleisten, stellt die Intensivierung der Pflanzenproduktion Chinas 

wichtigste Strategie über die letzten Jahrzehnte dar. Jedoch treten in den letzten Jahren 

vermehrt die negativen Umweltwirkungen der hochintensiven Pflanzenproduktion zu Tage. 

Neben der Verschmutzung und Degradation von Boden- und Wasserressourcen, sind 

besonders die Emission von Treibhausgasen (THG) und der entsprechende Beitrag zur 

globalen Erwärmung ein großes Nachhaltigkeitsproblem der Pflanzenproduktion in China. 

Der globale Klimawandel bedroht weltweit die Stabilität, Produktivität und Profitabilität von 

wichtigen Pflanzenproduktionssystemen, wobei die Pflanzenproduktion in China besonders 

anfällig ist. 

Als wichtigstes Anbausystem in Nordchina spielt das Winterweizen - Sommermais - 

Doppelanbausystem eine wichtige Rolle für Chinas Ernährungssicherheit. Die Agrarforschung 

bemüht sich fortwährend dieses Anbausystem und seine Ressourceneffizienz zu verbessern, 

und konzentriert sich hierbei vor allem auf Feldversuchsbasierte Ansätze. Hierbei wird die 

ökonomische Sinnhaftigkeit der entwickelten Verbesserungsvorschläge jedoch häufig 

unzureichend berücksichtigt, und das tatsächliche ackerbauliche Management der Landwirte 

weitestgehend ignoriert. Daher zielt die vorliegende Studie darauf ab, diese Lücke durch die 

Evaluierung des tatsächlichen ackerbaulichen Managements der Landwirte im WW-SM 

Produktionssystem zu schließen. Durch die ökologische und ökonomische Bewertung des 

Systems können passende Verbesserungsstrategien für eine nachhaltigere 

Pflanzenproduktion in China entwickelt werden, mit besonderem Fokus auf THG 

Vermeidung in der nordchinesischen Tiefebene (NCT). 

Diese kumulative Dissertation besteht aus drei Artikeln, die in internationalen peer-reviewed 

Zeitschriften veröffentlicht oder mit Revision zur Veröffentlichung akzeptiert sind. Die 

Forschungsarbeit wurde im Rahmen des DFG geförderten „Internationalen 

Graduiertenkollegs“ zu “Modeling Material Flows and Production Systems for Sustainable 

Resource Use in Intensified Crop Production in the North China Plain” erstellt. Eine 2011 

durchgeführte Feldstudie bei der 65 WW-SM produzierende landwirtschaftliche Betriebe 

befragt wurden stellt die Datengrundlage dieser Thesis. Die Daten wurden durch 

Experteninterviews und spezifische Sekundärdaten ergänzt. Partielle Lebenszyklusanalyse 

und ökonomische Bewertung wurden durchgeführt, die THG-Emissionen, Produkt-CO2-
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Fußabdruck (PCF), Deckungsbeitrag (DB), variable Kosten pro Produktionseinheit (VK) und 

Lebenszykluskosten (LZK) als ökologische und ökonomische Schlüsselindikatoren umfassten. 

Der erste Artikel beschreibt den Status Quo des einzelbetrieblichen ökologischen und 

ökonomischen Abschneidens der 65 WW-SM Produzenten. Die Ergebnisse offenbarten eine 

sehr hohe Heterogenität unter den Betrieben, mit bis zu fünfmal höherer Umweltbelastung 

der schlechtesten im Vergleich zu den besten Produzenten. Erstaunlicherweise zeigte sich in 

der Region nicht der erwartete Zielkonflikt zwischen Produktivität und Nachhaltigkeit; 

Hochertragsbetreibe emittierten keine erhöhten Mengen an THG pro Hektar im Vergleich zu 

den Niedrigertragsbetrieben. Aufbauend auf Clusteranalyse, bei der die Betriebe 

entsprechend ihres ökologischen und ökonomischen Abschneidens nach „schwachen“, 

„mittleren“ und „guten“ Betreiben gruppiert wurden, wurde das regionale THG-

Vermeidungspotential bewertet. Unter der Szenarien-Annahme, dass das gesamte Getreide 

in der NCT unter „guten“ Produktionsbedingungen produziert wird, konnten 21% and 7% der 

THG in der Weizen-  und Maisproduktion vermieden werden. Die Analyse des ersten Artikels 

zeigte klar die existierende Heterogenität bezüglich des ökologischen und ökonomischen 

Abschneidens unter den Pflanzenproduzenten auf, und stellte das THG Vermeidungs-

potential in der Region heraus. 

Um die existierende Heterogenität zu adressieren und Treibhausgasvermeidungsstrategien 

für die Praxis zu entwickeln, zielte der zweite Artikel darauf ab, die Einflussfaktoren des 

ökonomischen und ökologischen Abschneidens der Landwirte zu eruieren. Während im 

Durchschnitt 4107 und 3185 kg CO2-äquivalente THG-Emissionen pro Hektar, und LZK von 

1176 und 1190 US$ pro Hektar im WW und SM ermittelt wurden, existiert eine gewaltige  

Streuung unter den Produzenten. Mit Hilfe von schrittweiser multipler linearer Regression 

(SMLR) wurde gezeigt, dass Stickstoffeinsatz (N) und Elektrizität für Bewässerung für 0.787 

und 0.802 der Variabilität (adjustiertes R2) in den THG-Emissions-Ergebnissen der WW und 

SM Produktion verantwortlich sind. Mit einem Bestimmtheitsmaß (adjustiertes R2) von 0.397 

und 0.29 waren Elektrizität für Bewässerung und Arbeit die signifikantesten Faktoren, die die 

Unterschiede in den LZK der WW und SM Produktion erklärten. Dies zeigt, dass 

Stickstoffdüngung, Elektrizität für Bewässerung und Arbeitseinsatz die Schlüsselgebiete zur 

Verringerung der THG-Emissionen und Produktionskosten in der WW und SM Erzeugung in 

der NCP darstellen.  

Wie die Analyse des zweiten Artikels gezeigt hat, liegt in der Reduzierung der 

Stickstoffüberdüngung, die derzeit eines der akutesten Probleme der Pflanzenproduktion in 
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China darstellt, ein sehr großes Potential die THG-Emissionen und Produktionskosten im 

WW-SM Anbausystem zu reduzieren. Bis jetzt zeigen die fortwährenden Bemühungen die 

exzessive Nutzung von N, unter anderem mit Hilfe technologisch ausgefeilter N 

Management Konzepte zu reduzieren, wenig Erfolg. Die N Düngungsraten der Landwirte in 

der NCT verbleiben auf Raten, die weit über dem tatsächlichen Pflanzenbedarf liegen. Daher 

werden im dritten Artikel drei klare und einfach anzuwendende N-

Düngungsempfehlungsstrategien getestet, die in großem Maßstab durch das existierende 

landwirtschaftliche Beratungssystem Chinas zu geringen Kosten implementiert werden 

könnten. Aufbauend auf dem detaillierten Pflanzenproduktions-datensatz der 65 WW-SM 

produzierenden Betriebe wurde Szenarien-Analyse angewandt. Die Effekte der drei N-

Strategien auf PCF und DB wurden unter konstantem und sich verändernden Ertragsniveau 

unter den Produktionsbedingungen jedes individuellen Haushalts bestimmt. Die N fixierte 

Rate Strategie erzielte das höchste Verbesserungspotential im PCF und DB im WW; hingegen 

erzielte die N Koeffizienten Strategie die besten Ergebnisse im SM. Die Analyse hat 

desweiteren gezeigt, dass ein verbessertes N Management ein signifikant positiven Effekt 

auf PCF hat, jedoch nur einen marginalen und insignifikanten Effekt auf DB. Auf der anderen 

Seite hätte ein potentieller Ertragsverlust um 10% nur einen marginalen Effekt auf den PCF, 

jedoch einen sehr nachteiligen Effekt auf das Einkommen der Landwirte. Da die Bauern 

derzeit übermäßige N-Raten als „günstige Versicherung“ gegen potentiellen N-Mangel 

einsetzen, sind fundamentale Veränderungen im landwirtschaftlichen Beratungssystem in 

China notwendig, um die Überdüngung und daraus resultierende Umweltbelastung zu 

überwinden. Der dritte Artikel folgert, dass die indirekte Subventionierung von N-Düngern 

beendet, und zusätzliche agrar-umwelt-politische Instrumente berücksichtigt werden sollten. 

Die vorliegende Thesis bietet wichtige Beiträge zur Entwicklung ökologisch und ökonomisch 

nachhaltigerer Pflanzenproduktionssysteme in der NCT. Die Thesis erkennt die bestehende 

Heterogenität unter den landwirtschaftlichen Betrieben als wichtigen Ansatzpunkt für die 

Entwicklung und Implementierung vielversprechender Verbesserungsstrategien für die 

Pflanzenproduktion. Die aufeinander aufbauenden Analysen der drei Artikel zeigt klar, dass 

eine potentielle Optimierung des ackerbaulichen Managements der Landwirte, dass auf eine 

Verringerung der Umweltbelastung abzielt, gleichzeitig zu einer ökonomisch vorteilhaften 

Entwicklung führt. Daher zeigt die Thesis auch, dass die bestehenden großen Potentiale bei 

Weitem noch nicht ausgeschöpft sind. Die Thesis schlussfolgert, das seine Anpassung des 

landwirtschaftlichen Beratungssystems notwendig ist, unterstützt durch mehr 
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interdisziplinäre Forschung, welche die hochkomplexe Aufgabe eine nachhaltigere 

Pflanzenproduktion in China zu realisieren  adressiert. 
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Chapter 1  

General introduction 

1.1 Challenges of crop production in China  

1.1.1 Crop production and food security 

China features one of the world’s longest histories of permanent arable farming, which 

began at least 3000 years ago with the cultivation of cereal crops along the middle and lower 

reaches of the Yangtze River and Yellow River (King, 1911; Li, 2001). Agricultural productivity 

has ever since had a major impact on Chinese population development, with several historic 

population booms been triggered by substantial advances in farming practices and 

respective rapid productivity increases (Ge, 1991). Nowadays, China is the world's most 

populous country with more than 1.3 billion inhabitants and its population is expected to 

reach its peak in 2026 (Cai, 2014a). Despite its vast population and especially its low per 

capita natural resource endowment, China largely achieved food self-sufficiency after 

tremendous effort on hunger and poverty alleviation in the last decades (FAO, 2000).  

Since the founding of the People’s Republic of China (PRC) in 1949 food production, 

distribution and food security were set as primary national goals (McBeath, et al., 2010). 

However, in the early decades of PRC economic development and agricultural production 

were at a rather low level facing production deficits, which culminated in the “Great Chinese 

Famine” in 1959-1961. Still during the 1970s, the country’s per capita calorie supply was only 

around 2000 kcal per day compared to a world average calorie supply of around 3000 kcal 

per day (FAO, 2015). After 1978, a series of policy reforms was introduced in the rural sector 

to improve its productivity and economic performance. A key reform was the introduction of 

the “Household Responsibility System” and the reestablishment of private agricultural 

markets. Since then, agricultural output has strongly increased by 8.2% per year in the 1980s, 

compared with only 2.7% per year in the pre-reform period (Huang, et al., 2008). 

Consequently, food security crisis and related poverty issue have been successfully alleviated 

in China over the last decades. Nowadays, China has reduced its poor population and 

poverty headcount ratio from 250 million and 30.7% in 1978, to 32 million and 2.9% in 2011, 

respectively (Zhang, et al., 2015a; Park, et al., 2001; SCLGPAD, 2011). Meanwhile, China has 

made an outstanding contribution to the ongoing global efforts on poverty alleviation: over 
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the period 1990-2005 China accounts for a reduction of 76% of the world’s total poor (UNDP, 

2015). 

A major reason for China’s success to achieve food self-sufficiency is its continuous progress 

in total agricultural output increase (2.3% year-1), which has outpaced the annual population 

growth rate (1.7% year-1) in the last two decades; see Figure 1.1 (Wik, et al., 2008).  

 

Figure 1.1: Total grain output, population, arable land area and arable land area per capita in 

China from 1992 to 2011 (Source: FAO, 2015) 

However, the continuously declining arable land area poses a threat for further agricultural 

production increases to ensure Chinese future food security. From 1993 to 2012 China’s 

arable land area has decreased by 8%, while arable land per capita has dropped by 

approximately 40% (Figure 1.1). In 2012, China’s arable land per capita (0.08 ha per capita) 

was only about 40% of world average arable land per capita (0.2 ha per capita) (World Bank, 

2015a) 

What’s more, China’s food security and related production increase have for a great part 

been based on increased input use. As shown in Figure 1.2, the main grain yields (including 

wheat, maize and rice) increased steadily over the last two decades (46%), while the land 

area under irrigation (36%), applied amount of fertilizers (120%) and pesticides (144%) 

increased at an even higher rate over the same period. This tremendous input intensification 

inevitably led to a depletion and pollution of natural resources in China (Zhang, et al., 2014a; 

Lu, et al., 2009).  
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Figure 1.2: Main grain output, fertilizer use, pesticide use and land area under irrigation in 

China from 1990 to 2011 (Source: FAO, 2015; NBSC, 2014) 

 

1.1.2 The North China Plain as a prominent crop production region of China 

The North China Plain (NCP) covers seven Provinces in the northern part of eastern China: 

Beijing, Tianjin, Hebei, Henan, Shandong, Anhui and Jiangsu (Figure 1.3). It is one of the most 

densely populated areas in the world, holding around 16% of the total Chinese population 

(Sun, et al., 2007). Covering an area of more than 400.000 km2, which is only about 4% of 

total area of China, the NCP provides an impressive 74% of national winter wheat (WW) and 

35% of national summer maize (SM) supply (NBSC, 2007). The NCP is thus also referred to as 

“China’s granary”, constituting one of the most important agricultural regions of China (He, 

et al., 2007).  

Except for national wheat and maize supply, the NCP contributes also significantly to other 

agricultural outputs, and its contribution to national food security has become even more 

important over the last decade. In 2013, the contribution shares of the NCP to national 

supplies of cereals, oil crops, meat and milk was 36%, 28%, 33% and 35%, which has 

increased by 52%, 15%, 9% and 125%, respectively, compared to the contribution shares in 

2003 (NBSC, 2014). 
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Figure 1.3: Location of the North China Plain and its respective Provinces  

The rapid productivity growth in the NCP has caused large-scale ecological degradation and 

resource depletion, which are subject to continuous scientific analysis in the research 

community, e.g. Fan et al. (2014), Cao et al. (2015), Huang (2014), Wang et al. (2008), Zhen 

et al. (2005a), Jiang (2001) and Huang et al. (2015). At the same time, the rapid socio-

economic transition in the last decades has exerted significant change on rural income, 

production cost and labor structure. A detailed interpretation of environmental and 

economic challenges faced especially by the NCP and Chinese crop production is described 

below.  

 

1.1.3 Environmental issues of crop production in China and the NCP 

The impressive productivity increases in China over the last decades have been realized at 

significant environmental costs (Fan, et al., 2014). The apparent resource degradation 

constitutes a serious threat to sustainable agricultural production and China’s future food 

security. The problem situation is highlighted in Figure 1.4: resource-intensive agricultural 

production leads to qualitative and quantitative degradation of essential production 

resources (soil, water and air), which exerts additional pressure on the remaining production 

resources.  
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Figure 1.4: Problem situation of Chinese agricultural production 

1.1.3.1 Soil resource degradation 

Arable land takes a central role in Chinese food security as it provides by far the largest share 

of the national food supply. More than 75% of total foods in China are derived directly or 

indirectly from croplands, while the rest stems from range land, forests, rivers, lakes and sea 

(Yue, et al., 2010). As described in Figure 1.1 and mentioned before, the arable land area in 

China declined steadily over the last 20 years. Productive land is lost through the expansion 

of industrial land, residential areas and construction of infrastructure. However, a much 

larger share of arable land is lost through unsustainable cropping practices (Brown, 1995; 

Chen, 2007a). Degradation of arable land not only captures the quantitative reduction of 

productive land, but also the reduction in productive capacity of the remaining land. As such, 

Bai et al. (2009) report that about one quarter of the currently used arable land in China 

faces declining productivity. Other scientists report that more than 30% of China’s total land 

area is suffering from various types of land degradation, which accounts for one fourth of 

the total global land degradation area (Huang, 2014; EPD, 2014). In short, arable land 

degradation may be of temporary or permanent nature, caused by water and wind erosion, 

soil salinization, soil nutrient impoverishment and deterioration in soil physical properties.  

Firstly, soil erosion results in both on-site damage to soil and crops, and off-site damage in 

the form of water and air pollution and damage to man-made and natural structures (Larson, 

et al., 1983). In terms of on-site damage in agriculture, about four billion tons of soil is 

eroded annually by wind and water in China (Xinhua News Agency, 2008). The amount of 

nutrients lost through soil erosion is close to half of the total output of nutrients from 

national synthetic fertilizer production (Huang, 2014). Another critical factor of land 
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degradation is soil salinization, which affects approximately 3% of total China’s territory. 

Inappropriate crop irrigation practices are the major cause for soil salinization (Zhang, et al., 

2003a; Cai, et al., 2014b). Due to its adverse geo-hydrological and climatic conditions the 

NCP is one of the country’s hotspots of soil salinity. Despite the improvements in irrigation 

practices and the associated drop of the formerly very high groundwater table the area 

severely affected by salinization could only be reduced from more than four to less than two 

million hectares from the 1950s until today (Zhang, 2013). Soil nutrient impoverishment 

constitutes another threat of soil degradation in China. Zhang et al. (2013) identified a 

continually declining trend in soil fertility in China over the last 30 years. Furthermore a 

comparatively low level of soil organic matter (SOM) is prevalent in Chinese arable land. 

While the average SOM content of China’s total arable land is less than 1.5%, 11% of arable 

land features a very low SOM content of less than 0.7% (Zhang, et al., 2003a). According to 

Cai et al. (2014b) the Loess Plateau and the NCP are two regions in China with a relatively 

high share of low soil fertility land, which constitutes a certain threat to long-term 

production capacity and national food security. Finally soil compaction, which impedes crop 

establishment and yield formation, is becoming an increasing challenge in the course of the 

ever rising use of heavy agricultural machinery in crop production in China and the NCP 

(Zhang, et al., 2006). 

1.1.3.2 Water resource depletion and pollution 

Apart from arable land, water for irrigation constitutes the major limiting resource for 

current and future crop production in China. Due to its natural climatic conditions and vast 

population China faces a generally inadequate endowment with water resources (Gleick, 

2008). Water resource availability per capita in China is 2.2 million litres per year, which is 

only a fifth of the United States of America (USA) supply and less than a quarter of world 

average supply per head (Saikawa, et al., 2009). What’s more, the distribution of Chinese 

water resources varies significantly in space and time due to its huge land area and diverse 

climatology. As such, the rainfall in the NCP is distributed highly unevenly in time due to the 

continental monsoon climate. More than 70% of annual precipitation falls during the three 

summer months (July - September) (Meng, et al., 2012). Therefore seasonal water shortage 

needs to be compensated through irrigation from additional water sources. However, the 

existing surface water resources in the region are far from sufficient to satisfy the ever 

increasing irrigation water demand; many major water bodies of the region including the 

yellow river are drying up frequently over the last decades due to overconsumption (Lu, et 
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al., 2014). Thus, irrigation nowadays heavily depends on groundwater. As a result of the 

increasing groundwater consumption, groundwater levels in the NCP have been persistently 

declining at an average rate of about one meter per year (Qiu, 2010).  

Apart from the apparent quantitative degradation, also the qualitative degradation of water 

resources constitutes a crucial sustainability issue in China and the NCP. Nowadays, up to 40% 

of China’s 200 major lakes and 28 major rivers are classified as severely polluted, with only 

half of the rivers’ and less than a quarter of the lakes’ and reservoirs’ water being suitable 

for drinking after treatment (MEP, 2009; Yang, 2012). This scarcity of fresh water resources 

frequently forced farmers to apply waste water for irrigation, which resulted in 

contamination of food by heavy metals such as mercury, cadmium, lead, copper, chromium, 

and arsenic (Zhang, et al., 2010). Furthermore, the qualitative degradation of groundwater 

through leaching of agro-chemicals constitutes a direct pressing health problem for the rural 

population. A national survey conducted in 2006 reported that only half of surveyed 

households had access to centralised public water supply; the remaining households relied 

on untreated surface- or groundwater (Zhang, et al., 2009a). Cai et al. (2002) reported that 

more than 40% of Nitrogen (N) fertilizer applied in the NCP is actually not used by the crops, 

but leached out of the rooting zone into the groundwater. Zhang et al. (2004) found nearly 

50% of groundwater samples from the NCP exceeding the legal limit for nitrate in drinking 

water. Apart from nitrate, chemical plant protection products, which are often excessively 

and inappropriately applied, constitute another critical factor for groundwater 

contamination in the NCP. Kong et al. (2004) evaluated the groundwater pollution by 

pesticides in Hebei and Shandong, and detected residues of organ chlorine pesticides in 

more than 10% of groundwater samples. The negative health effects of hazardous drinking 

water cost China approximately 2% of its rural gross domestic product (GDP) (World Bank, 

2007). Apart from harming human health, N surplus and agro-chemical pollution have 

negative impacts on aquatic and terrestrial non-target organisms, as well as the entire agro-

ecosystem (Zhen, et al., 2005a).  

Despite the severe water scarcity in China and the NCP the efficiency of water resource use 

is relatively low. In agriculture, which is responsible for about 63% of China’s total water use, 

very poor irrigation efficiency prevails with only about half of the withdrawn water actually 

reaching the crops (NBSC, 2013a; World Bank, 2013; Fan, et al., 2014). At present, 0.96 m3 of 

water is required to yield one kg of grain in China, which is twofold of that in developed 

countries. For example, Israel needs only 0.43 m3 of water in average to yield one kg of grain 
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(Jiang, 2001). The inefficient use of limited water resources constitutes a serious threat to 

long-term agricultural profitability and overall agricultural development in Chinese crop 

production. 

1.1.3.3 Air pollution 

Air pollution has become a major environmental issue in China in the course of the rapid 

economic growth over the last decades. Hazardous substances released from fossil fuel 

combustion from the industrial, transportation and residential sectors, as well as burning of 

agricultural wastes, leads to an estimated 890000 premature deaths in China every year 

(Zhang, et al., 2007; Zhang, et al., 2010). Furthermore, air pollutants were identified to 

negatively affect crop growth and yield, by reducing photosynthetic rate in major crop 

species, including wheat, rice, soybean and cotton (Rai, et al., 2011). Ground-level ozone (O3), 

as one of the most harmful air pollutants, was estimated to cause one to four percent yield 

losses in wheat, rice and corn in China (Aunan, et al., 2000). 

Apart from the hazardous effects of air pollution, the emission of greenhouse gases (GHG) is 

another highly relevant environmental issue in China. While the energy use by the industrial, 

residential and transportation sector are a major source of GHG emission, also agriculture 

contributes a substantial share to overall emissions. As such, energy and input intensification 

in crop production leads to increasing GHG emissions, while the degradation of arable land 

reduces the rate of carbon sequestration. The increasingly emitted GHGs accumulate in the 

atmosphere and lead to global climate change (GCC). In return GCC, potentially leading to 

major shifts in temperature and precipitation, will inevitably aggravate China’s challenges 

related to human and environmental health (Zhang, et al., 2010). At the same time, GCC is 

likely to trigger more frequent and severe extreme weather events, which increase the risk 

of crop yield reduction, infrastructural damage and economic losses. The concept of GHG 

emission and GCC, as well as the emissions from agriculture and the potential effect of GCC 

on agricultural productivity are described in detail in chapter 1.2. 

 

1.1.4 Economic issues of crop production in China and the NCP 

China has been among the world’s fastest growing economies since the beginning of the 

economic reforms in 1979. The reforms included the opening up to foreign trade and 

investment as well as the implementation of the “household responsibility system” and free 

markets. The annual GDP growth averaged nearly 10% through 2013 (Morrison, 2014). 
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Nowadays, China has become the world’s second largest economy after the USA. However, 

China faces aggravating pressure to maintain the rapid economic development, leading to 

increasing challenges in many sectors including agriculture. Income inequality between rural 

and urban areas, increasing migration and its effect on the rural economy, as well as rural 

income vulnerability constitute the major rural economic challenges (Ravallion, et al. 2007; 

Gao, et al., 2014).  

China, traditionally a rather egalitarian nation, constantly shifted towards a highly unequal 

society. From 1987 to 2010 the World Bank estimated Gini index1 increased from 29.9 to 

42.1 (World Bank, 2015b). A nationwide household income survey showed that the poorest 

5% of Chinese households earn only 0.1% of total China's household income, while the 

income of the 5% highest income households accounted for 23.4% of the total national 

income (CFPS, 2014). The income disparity is most prominent when comparing rural and 

urban households, with their income gap continuously widening over the last decades (Yang, 

1999). Since 2002 average urban incomes are more than three times higher than average 

rural incomes (Sicular, et al., 2007). On global scale this constitutes a vast rural-urban 

income gap, with most countries featuring urban-rural income ratios of maximum 1.5 (CIIC, 

2004).  

While the widening rural-urban income gap encourages migration, the consecutive change 

in rural labour availability puts additional pressure on agricultural productivity, profitability 

and income. In the course of the rapid industrialization and economic development, millions 

of young, healthy and educated villagers – even up to 50% of the agricultural labor force – 

left the rural areas to find jobs in the coastal Provinces, leaving mainly the elderly, women 

and children behind (NBSC, 2013b; IFAD, 2010). Also in the NCP the number of migrant 

workers has continuously increased since its number has been tracked in 1995 (NBSC, 2014). 

As the remaining labor force in rural areas of mainly women and elderly are likely to be  

rather low educated and less proficient in farming practices (McBeath, et al., 2010), the 

change in farm labor availability constitutes an apparent challenge for optimal crop 

management and related resource use efficiency. The result of this phenomenon was also 

revealed in an empirical study conducted by Gao et al. (2014a), who identified a strong 

adverse effect of rural-urban income gap development on agricultural productivity 

development in China. 

                                                 
1
 Gini index measures the extent to which the distribution of income or consumption expenditure 

among individuals or households within an economy deviates from a perfectly equal distribution 
(World Bank, 2015b). 
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Another important factor influencing the lower attractiveness of agricultural income sources 

is the slow growth of crop sales prices in China, especially for grain (Pan, et al., 2014). 

Furthermore agricultural incomes are more vulnerable to economic and natural adverse 

events, like price shocks or extreme weather events compared to non-agricultural incomes 

(Wan, 2004). The increasing frequency and extent of extreme weather events in China, as 

well as the increasing volatility of crop sales prices exert substantial pressure on rural 

incomes (Zhang, et al., 2014b; Guo, et al., 2005).  

 

1.1.5 Small-scaled farming system - specific challenges for the NCP 

The above described developments highlight that crop production in the NCP is highly 

unsustainable, with its resource consumption and environmental load being far beyond the 

system’s carrying capacity. It is without doubt that crop production in the NCP needs to be 

strongly and rapidly improved with regard to reducing its severe negative environmental 

impact (Meng, et al., 2012; Chen, et al., 2006; Norse, 2012; Zhen, et al., 2005a; Zhao, et al., 

2011). However, it will be crucial to realize this target development without negative effects 

on the rural areas’ economic development, i.e. agricultural income. 

In that respect it is important to note that, even though a slight tendency towards the 

establishment of larger agricultural production units can be observed in recent years (Nie, et 

al., 2014), the vast majority of arable land in the NCP is still cultivated by small-scale farmers 

(Heimann, et al., 2015; Wang, et al., 2014). The inherent challenge in the smallholder 

production system of the NCP, like in many other smallholder systems of the world, is to 

successfully and efficiently conduct policy interventions to improve crop production. 

Compared to large scale systems, where a limited number of players need to be targeted, it 

takes huge efforts to address the millions of small scale producers of the NCP regarding 

agronomic, environmental and economic improvements to realize a more sustainable crop 

production in the NCP. 

 

1.2 GHG emissions and global climate change 

1.2.1 History of climate change research  

Though being a rather young scientific discipline climate change research has received a 

dramatically increasing attention over the last half century. However, it was as early as 1807 
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when Joseph Fourier, a well known mathematician and physicist, firstly published his theory 

of terrestrial temperature. According to his calculations the earth should be much colder 

than it actually was considering its size and distance to the sun (Grattan-Guinness, et al., 

1972). He suggested that interstellar radiation may contribute to the additional warmth of 

the planet, comparing the heating of the atmosphere to the effect of glass in a greenhouse 

(Fleming, 1998). In 1894, nearly one century later, John Tyndall began a series of 

experiments demonstrating the radiative effects of atmospheric trace gases on weather and 

climate (Tyndall, 1894). Two years later, in 1896, Svante Arrhenius firstly published his 

observation that increasing atmospheric carbon dioxide leads to an increase in surface 

temperatures (Arrhenius, 1896). Before the 1950s research concentrated on carbon dioxide 

(CO2) and water vapor as the only gases with climatic effect. In the 1970s nitrous oxide (N2O) 

and methane (CH4) were identified as GHG with a global warming effect, and the first regular 

GHG measurements began at Mauna Loa Observatory (Fleming, 1998). Until now more than 

60 GHGs were identified, with CO2, N2O, CH4 and water vapor known as the most important 

GHGs (Hu, 2011). Recognizing climate change as a major challenge for global development, 

the World Meteorological Organization and the United Nations Environment Programme 

established the Intergovernmental Panel on Climate Change (IPCC) in 1988. Its assigned role 

entails assessing the scientific, technical and socioeconomic information relevant for 

understanding the risk of human-induced climate change, its potential impacts and options 

for adaptation and mitigation (IPCC, 2007). Until now, IPCC played a prominent role in 

conducting and presenting detailed evaluation of global long-term observations on climate 

change. Furthermore, IPCC provides internationally accepted standards and definitions of 

GHGs, respective global warming potentials (GWP), and potential climate change trends. As 

a scientific intergovernmental body, IPCC attains support of leading climate scientists and 

consensus of participating governments. 

 

1.2.2 Greenhouse gases and global warming potential 

More than 99% of the earth’s atmosphere consists of nitrogen and oxygen, which both have 

no significant effect on climate regulation. GHGs, accounting for less than 1% of the 

atmosphere, are crucially important for the survival of life on earth. Without the greenhouse 

effect, the temperature of the planet would be below 0°C (IPCC, 2007). Thus, the additional 

warmth provided by GHGs is essential for the global food system and sustaining of human 

society. While the share of solar radiation (short-wave) not absorbed by the earth’s surface 
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is completely reflected back into space, GHG molecules capture and re-emit the major share 

of outgoing infra-red radiation (long-wave) back to the earth’s surface, maintaining the earth 

average temperature at around 15°C (see Figure 1.5). Due to the GHG effect only a minor 

share of infra-red radiation is lost into space via the so called “atmospheric window” 

(Trenberth, et al., 2009). 

 

Figure 1.5: The greenhouse gas effect (Source: IPCC, 2007) 

Looking at the contribution of the different GHGs to the greenhouse effect and related 

global warming, the actual concentration of the different GHGs in the atmosphere (see 

Figure 1.6) obviously plays a major role. In addition each GHG has a different capacity for 

capturing and re-radiating outgoing infrared radiation in the atmosphere. From this aspect, 

to quantify and communicate the relative and absolute contributions of various GHG 

emissions to the greenhouse effect, GWP was introduced as an index to express the total 

radiative forcing added to the climate system by a substance. GWP acts as an “exchange rate” 

for GHGs, converting them to a single unit – carbon dioxide equivalents (CO2e) (IPCC, 2013). 

As the different GHGs differ not only in their radiative capacities, but also in their 

atmospheric lifetimes (Young, et al., 2006), the different GHGs’ GWPs and hence their 

respective contributions to global warming are highly dependent on the time horizon 

considered. GWPs of GHG are usually published for time horizon, of 20, 100 and 500-year 

time frames, where the 100-year GWP is the most commonly adopted in literature.  
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Figure 1.6: Atmospheric concentrations of important long-lived greenhouse gases over the 

last 2000 years (Source: IPCC, 2007) 

 

1.2.3 Agriculture and climate change  

With regard to agriculture and climate change it is crucial to recognize their 

interconnectedness. On one side, agricultural production is highly dependent on climate 

patterns and variations of precipitation, temperature, CO2 levels, climate variability and 

surface water runoff, where precipitation and temperature are the major factors 

determining crop growth and development (World Bank, 2008). On the other side, intensive 

agriculture and food production are major contributors to global anthropogenic GHG 

emissions. Agriculture contributes to climate change mainly in two ways: firstly, by 

anthropogenic emissions of GHG stemming from the management of agricultural soils, 

livestock, and biomass burning; secondly, by the conversion of non-agricultural land (e.g. 

forests) into agricultural land (HLPE, 2012; EPA, 2015). 

1.2.3.1 GHG emissions from agricultural sources 

With regard to its contribution share to total global anthropogenic GHG emission, 

agriculture is the fourth biggest source (13.5%), following energy supply (25.9%), industry 

(19.4%) and forestry (17.4%) (IPCC, 2007). From historical aspect, agriculture’s share to 
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global GHG emission has decreased in 2010 compared to 20041. However, the absolute GHG 

emission from the agricultural sector increased from 4.8 Giga tonne (Gt) in 2004 to 5.2 Gt in 

2010 (FAO, 2015). The reason for the divergence in relative and absolute contribution can 

largely be attributed to the strong increases in emissions in the energy sector (IPCC, 2013).  

The GHG emissions from the agricultural sector comprise all major GHGs, namely CO2, CH4, 

and N2O (Cole, et al., 1997; Paustian, et al., 1998). Agricultural activities lead to both CO2 

emission, e.g. by microbial decay or burning of plant litter as well as CO2 sequestration, e.g. 

by an increase in SOM content (Janzen, 2004). Certain net CO2 emission through agricultural 

activities can be recognized. However, compared to the enormous amounts of CO2 cycling in 

the global ecosystem’s soil-plant-atmosphere continuum, net CO2 emission from agricultural 

production is negligible (Snyder, et al., 2009).  

However, agriculture contributes a significant share to global non-CO2 GHG emission, with 

40% of CH4 and 62% of N2O stemming from the agricultural sector (Rohde, 2006). CH4 is 

generated when organic materials decompose under oxygen-deprived conditions, notably 

from fermentative digestion by ruminant livestock and from paddy rice cultivation (Mosier, 

et al., 1998). CH4 production by enteric fermentation is a natural part of the digestive 

processes in animals, especially in ruminants, such as cattle, sheep and goats (FAO, 2014). 

Manure management is another source of CH4 and N2O emissions. CH4 is especially 

produced under anaerobic conditions, such as in liquids and slurries (Sejian, et al., 2015). 

N2O is produced by both aerobic and anaerobic decomposition that nitrifies and then 

denitrifies the nitrogen in the manure and urine (IPCC, 2007). 

Furthermore, N2O is produced by microbial transformation of N in soils and by biomass 

burning (Smith, et al., 2004). In soils N2O is produced naturally, but is often enhanced by 

human fertilization activities where available mineral N exceeds plant requirements 

(Oenema, et al., 2005). Moreover, farm management directly influences the amount of N2O 

emissions by fertilization, irrigation, application of manure or other organic materials, 

retention of crop residues, production of N-fixing crops and forages, tillage practices, and 

fallowing of land. Therefore adaptation of farming practices are considered a key approach 

                                                 
1
 In the newly published IPCC Fifth Assessment Report, agriculture, together with forestry and land-

use change integrated to “AFOLU”, account for 24% of total GHG emission in 2010. Considering 
agriculture sector contributes approximately 52% to total “AFOLU” GHG emission in 2010 (FAO, 2014), 
it was estimated that agriculture contributes about 12.4% of total anthropogenic GHG emission in 
2010. 
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to mitigate GHG emission from the agricultural sector (Hu, et al., 2013; Shi, et al., 2014; Yang, 

et al., 2015a; Zhang, et al., 2012a; Meng, et al., 2012). 

1.2.3.2 GHG emissions from crop production in China and the NCP  

GHG emissions from China and Chinese agriculture have been increasing annually since the 

1990s (EPA, 2015; FAO, 2014). In 2013 China became globally the biggest GHG emitter, being 

responsible for 29% of total global GHG emissions and China’s agricultural sector accounts 

for 9% of national total emissions (Olivier, et al., 2014; Chen, et al., 2010b). As shown in 

Figure 1.7, China’s total GHG emission has increased from 0.55 to 0.85 CO2e Gt since 1990. 

Although GHG emission from the Chinese agricultural sector has steadily increased in the 

same period, its contribution share to total national GHG emission has reduced from 22% to 

8%. The major reason is the rapid increase of GHG emission in the energy and transport 

sector over the last three decades. In terms of total national CH4 and N₂O emissions, 

emissions from agricultural activities account for 38.8% and 74.3% of national total CH4 and 

N₂O emissions, respectively (Huang, et al., 2012a). 

 

Figure 1.7: GHG emission from China and Chinese agriculture sector in 1990-2012 (Source: 

FAO, 2015; Olivier, et al., 2014) 

1.2. 3.3 Impact of climate change on crop production in China and the NCP 

As a consequence of the rapidly increasing GHG emissions, China is one of the countries 

strongly affected by GCC. Climate change has direct biophysical effects on crop production 
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through altering weather conditions (Tang, et al., 2014; Wu, et al., 2014). Depending on the 

type of crops and cropping systems, as well as the region within China, climate change may 

exert positive or negative effects on crop production. Positive effects are mainly related to a 

potential expansion of crop production in cool temperature restricted regions of China. As 

such a northward shift of the northern limit of different cropping systems was observed as a 

consequence of increased temperatures by different research groups, e.g. Liu et al. (2013) 

and Yang et al. (2015b). Additionally, positive effects of increased minimum temperatures on 

crop development and photosynthesis were observed in wheat in northern China (Fan, et al., 

2015; Tao, et al., 2014). However, looking at the overall effect of climate change on crop 

production negative effects tend to dominate (Ju, et al., 2013). Wei et al. (2014) identified 

significantly negative effects for maize on national level due to temperature increase. 

Additionally, the indirect effects of an increased water deficit as a consequence of increased 

temperatures constitute a threat to crop productivity and food security (Yuan, et al., 2014). 

Due to an increase in extreme weather events increasingly negative effects on crop 

production are observed by Zhang et al. (2014c) for wheat, by Zhang et al. (2014b) and Wang 

et al. (2015) for maize, and by Tao et al. (2013) for rice. The increasing frequency of extreme 

weather events has direct negative effects on crop yields and consequently agricultural 

economy (Wang, 2009; Zhang, et al., 2012b). In sum, the global warming effects 

undoubtedly put additional pressure on China’s food production systems, which already face 

significant challenges due to population growth, resource limitation and environmental 

contamination. 

 

1.3 State-of-the-art research on GHG emissions and sustainable crop production in the NCP 

Crop production in the NCP contributes a significant share to national food security and at 

the same time, constitutes the primary source of rural income for the agricultural population 

in the NCP. Still, the region faces serious environmental and economic problems caused by 

intensive and inefficient input use, suboptimal crop management practices, as well as the 

consecutive low economic profitability. Substantial research efforts have been undertaken 

over the last years to investigate improvement potentials for a more sustainable crop 

production in the NCP. In this respect, GHG emission, fertilization regime, irrigation 

management, tillage and residue management as well as household-based studies 

constitute major research hotspots, aiming at a simultaneous improvement of crop 

production in environmental and economic terms. 
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1.3.1 GHG emission estimation 

Research on GHG emissions from crop production in the NCP has increased steadily over the 

last decade. Several research groups investigated GHG emissions from major cropping 

systems of the NCP in field experiments, focusing on a range of research questions including 

fertilization strategies (e.g. Chen, et al., 2006; Li, et al., 2010; Liu, et al., 2011; Qiu, et al., 

2012), irrigation management (e.g. Fang, et al., 2010; Cao, et al., 2015; Yang, et al., 2015c; 

Wei, et al., 2007a), or tillage and residue handling (e.g. Liu, et al., 2007; Zou, et al., 2005; Yao, 

et al., 2013; Zhang, et al., 2015b). The specific research is highlighted in more detail in the 

subchapter below. A crucial point in the estimation of GHG emissions and development of 

potential mitigation strategies is the measurement of soil borne N2O and the related 

determination of local emission factor (EF), which is elaborated in the following. To present 

the quantitative relationship between N2O emission and applied N fertilizer, EF of N2O was 

generated and has been the subject of considerable scientific investigation and debate. Early 

reports including the IPCC methodology advocate a linear relationship between increasing N 

input and increases in direct N2O emissions for various global agricultural production 

systems (e.g. Bouwman, et al., 2002; Dobbie, 1999). As such, the direct N2O emission from 

managed soils stemming directly from application of synthetic N fertilizer was set as 1% of N 

fertilizer input amount in IPCC tier 1 (IPCC, 2006). However, EF may be highly context-

specific and regionally variable. To avoid under- or over-estimation of N2O emissions, several 

research groups published their own individually retrieved EF of N2O, based on field 

experiments conducted in the NCP (see Table 1.1).  

Published N2O measurements from field experiments were conducted in several field 

experiment stations of Chinese research institutes and universities, distributed over four 

NCP Provinces: Hebei, Henan, Shandong and Beijing. The calculated mean N2O EFs for WW, 

SM and WW-SM growing seasons across different treatments and N application rates fall 

within the ranges 0.08 - 0.76%, 0.44 - 1.34% and 0.38 – 0.96% respectively. While early 

publications on N2O emissions from the fields built on one year data, later studies 

implemented N2O measurement over two or three consecutive seasons. It shows that large 

differences in EF of N2O emissions were obtained especially across locations, but also 

seasons and treatments. The large variations in EFs of N2O emissions emphasize the 

importance of site-specific observations, as EFs of N2O are affected by various factors 

including crop management, tillage, and local weather and soil conditions.  
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Table 1.1: Overview of published emission factors of N2O from wheat and maize production 

in the North China Plain 

Site Crops Observation 
period 
(years) 

N fertilizer rate 
(N kg ha-1) 

EF of 
N2O (%) 

Literature 

Shandong 
Province, Huantai 

WW-SM 3 600 0.7 (Yan, et al., 2015) 

Hebei Province, 
Quzhou 

WW 
SM 

2 300 
250 

0.17 
0.53 

(Gao, et al., 2014b) 

Hebei Province, 
Quzhou 

WW 
SM 
WW-SM 

2 200 
180 
380 

0.19 
0.62 
0.38 

(Hu, et al., 2013) 

Henan Province, 
Fengqiu 

WW 
SM 
WW-SM 

3 150 
150 
300 

0.59 
1.06 
0.82 

(Cai, et al., 2013) 

Shandong 
Province, Huantai 

WW 
SM 
WW-SM 

1 270 
330 
600 

0.76 
0.44 
0.59 

(Cui, et al., 2012) 

Hebei Province, 
Quzhou 

WW 
 
SM 
 

3 300 
66-104 
300 
50-75 

0.08 
0.13 
0.44 
0.46 

(Ju, et al., 2011) 

Hebei Province, 
Wangdu 

SM 1 168.2 
188.2 

1.08 
1.20 

(Zhang, et al., 
2011a) 

Hebei Province, 
Quzhou 

WW-SM 1 270 0.96 (Li, et al., 2010) 

Henan Province, 
Fengqiu 

WW 
 
SM 
 
WW-SM 

1 150 
250 
150 
250 
300 
500 

0.16 
0.18 
1.05 
1.34 
0.61 
0.77 

(Ding, et al., 2007) 

Beijing, 
Dongbeiwang 

WW-SM 1 600 0.94 (Zou, et al., 2006) 

 

1.3.2 Fertilization regime 

In the conventional WW-SM cropping system of the NCP fertilizer application rates average 

approximately 600 kg N ha-1 year-1 (Li, et al., 2010; Zhong, et al., 2006), which is far beyond 

the crops’ N uptake potential. The resulting massive GHG emissions contribute significantly 

to the national GHG inventory. Furthermore, the excessive use of N fertilizer not only leads 

to other environmental problems like groundwater pollution, but it may also impede 

agricultural productivity and profitability caused by e.g. soil acidification (Guo, et al., 2010). 

Therefore assessing optimized N application strategies constitutes a vital contribution 

towards more sustainable crop production in the NCP, and is as such a highly researched 
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topic (e.g. Chen, et al., 2006; Liu, et al., 2011; Qiu, et al., 2012; Cui, et al., 2008). The major 

research objective is the strong reduction of applied N without suffering significant yield and 

economic losses. Within the published research the focus is on increasing N use efficiency in 

the NCP through improved fertilization strategies including demand driven application, use 

of slow release N fertilizers and combination of organic and inorganic nutrient sources. 

In earlier studies, reducing the amount and adjusting the timing of N fertilizer application 

according to crop demand and soil nutrient status, e.g. based on Nmin-method proved to 

have a huge improvement potential. In their field experiments several research groups 

(Chen, et al., 2006; Zhao, et al., 2006) could significantly reduce N application amounts, and 

increase N use efficiency without causing yield losses in wheat and maize production. Later, 

Ju et al. (2011) estimated that N2O emissions could be reduced by 61.5% through optimized 

N management compared to local farming practice. Recently, Yan et al. (2015), Huang et al. 

(2013) and Shi et al. (2014) showed that improved N fertilization based on Nmin-method 

could achieve comparatively high grain yields and at simultaneously reduced GHG emissions. 

However, all the above mentioned research was conducted under controlled conditions in 

field experiment stations. Thus, it remains unclear whether the identified improvement 

potentials, e.g. via Nmin-method, are also applicable under practical cultivation conditions in 

farmers’ fields. At the first attempt, Hartmann et al. (2015) conducted on-farm experiments 

in the NCP in previously over-fertilized farmers’ fields. He showed that a reduction in N 

application rates according to Nmin-test could significantly increase N use efficiency without 

yield reductions under real farm WW-SM production conditions in the NCP.  

Furthermore, intensification in research efforts can be observed with regard to slow-release 

N fertilizers, which function either via nitrification inhibition or urease inhibition (Ni, et al., 

2014). In the majority of field research the inhibitor amended treatments showed an 

increased N use efficiency, at comparable yield levels and reduced N losses compared to 

treatments solely supplied with conventional N fertilizers (Li, et al., 2011; Di, et al., 2007; 

Chen, et al., 2008). Nevertheless, contradictory observations were made on the effect of 

slow-release N fertilizer on N loss and N2O emissions in the NCP, e.g. by Jiang et al. (2010) 

and Hu et al. (2013), who couldn’t identify clear advantages of inhibitor application. 

Evidently, fertilizer management strategies need to be developed and assessed site-

specifically to ensure positive effects on agricultural productivity and GHG mitigation. 

Another promising yet insufficiently researched option of reducing N fertilizer loss and 

increasing N use efficiency is innovative fertilizer application techniques. Jin et al. (2000) 
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reported that placing chemical fertilizer in 6 - 10 cm soil depth could significantly increase 

the efficiency of N fertilizer and decrease N2O emissions. However, additional labour input 

and knowledge is required to realize the potential benefits of this technique in farmers’ 

fields.  

Another potential option for improved fertilization strategies is the mixed application of 

mineral and organic fertilizers. In a 22-year long-term WW-SM field experiment in the NCP 

Yang et al. (2015a) showed that the combination of inorganic (N and phosphate fertilizer) 

and organic fertilizer (corn stalks) can substantially increase soil fertility and mitigate 

anthropogenic enrichment of atmospheric CO2. Similar, Zhang et al. (2012a) stated that 

compared with the treatments of pure chemical or pure organic fertilizer application, 

chicken manure coupled with compound fertilizer application significantly reduced fertilizer 

loss rates. What’s more, the integration of legumes into the existing crop rotations has been 

discussed as a possibility to reduce GHG emission. As such, Ma et al. (2012) found that 

integrating legumes into continuous maize production systems can reduce GHG emission 

significantly.  

 

1.3.3 Irrigation regime 

Due to the semi-arid climatic conditions of the NCP, described in detail above, additional 

irrigation is required in most years and types of crops. The ongoing depletion and 

degradation of groundwater resources in the NCP, led to a growing concern regarding 

agricultural water consumption, water use efficiency (WUE) and irrigation management of 

crop production within the Chinese scientific community (Yang, et al., 2015c; Cao, et al., 

2015; Fang, et al., 2010; Wei, et al., 2007a). Here, the WW-SM double cropping system 

constitutes the major cropping system under scientific investigation. Due to the vastness of 

the NCP the WUE of the WW-SM system varies strongly, caused by discrepancies in climatic 

and soil conditions, water availability and applied irrigation technology (Fang, et al., 2010). 

With the traditional flood irrigation being the dominant technique in wheat and maize 

production, and the crop’s actual water demand being insufficiently considered, the WUE in 

the NCP is on a low level. Deng et al. (2006) and Wang et al. (2002) reported that the WUE 

for WW and SM ranged from 1.0 to 1.9 kg grain m-3 water under controlled experimental 

conditions, while WUE in farmers’ fields must be considered even lower (Deng, et al., 2006). 

The need to improve WUE in the NCP motivated extensive studies evaluating approaches 
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and strategies to improve WUE; the emphasis lies on the interaction between water and 

nutrient management, adoption of crop rotations and crop sequences, as well as adopting 

advanced irrigation techniques and water-saving crop management. 

Water and plant nutrients constitute the major limiting resources defining the primary 

production potential in agro-ecosystems (Yang, 2006). In that regard a joint optimization of 

water and nutrient management is crucial to maximize resource use efficiency, crop yield 

and grain quality (Hatfield, et al., 2001; Yu, et al., 2002). Several studies aimed at quantifying 

the effect of fertilization on WUE, and defining optimal N application rates for maximum 

WUE in WW-SM production. Fang et al. (2010) reported that targeted fertilizer application 

helped to increase WUE by about 20% on average for WW and by 26% for SM. Under non-

limiting soil water conditions the optimal N rate with maximum WUE in WW-SM crop 

production was suggested in the range of 150 - 250 kg N ha-1 (Wu, et al., 2008; Wang, et al., 

2007). Recent studies on joint optimization of water and N management expanded the focus 

beyond yield and WUE, towards N use efficiency (NUE) and GHG emission (Meng, et al., 

2012; Gao, et al., 2015; Chen, et al., 2011a). Those field experiment based studies conclude 

that an optimized fertilization and irrigation strategy leads to improved NUE and WUE 

without suffering yield loss. 

Another potential approach to reduce the water consumption by crop production is a shift 

away from the highly water intensive WW-SM double cropping system towards less water 

consumptive crops (Chen, et al., 2010a). Considerable experimental work has been 

conducted to investigate water consumption and WUE of alternative cropping systems. As 

such, Yang et al. (2015c) compared five irrigated crop rotation systems in the NCP, spanning 

from the one-year WW-SM rotation up to five-year rotations, including different legumes, 

cereals, and root crops. They suggested applying diversified crop rotations to slow down the 

speed of over-exploitation of groundwater resources and ensure resource availability for 

future production. Additionally to reducing water consumption, a diversified cropping 

system might also maintain net economic benefits at similar levels and ensure food security 

as highlighted by several studies, e.g. Fang et al. (2010), Gao et al. (2015), Meng et al. (2012). 

Fang et al. (2010) showed that a two-year rotation of cotton with WW-SM system, as well as 

crop-fruit tree systems have lower water consumption at higher economic returns compared 

to the pure WW-SM rotation. In a recent study, Gao et al. (2015) compared the WUE, yield 

and net economic benefit of the alternative WW-SM-spring maize rotation with the 

conventional WW-SM system. According to their results abandoning WW in one of two 
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seasons is a promising option to restore the hydrological groundwater balance without 

hurting economic profit. In addition, a significantly lower emission of GHG was found in 

alternative cropping system compared to the conventional WW-SM cropping system (Gao, 

et al., 2014b). Therefore, a wider application of alternative cropping systems in the NCP may 

allow maintaining grain yields and economic profit while mitigating GHG emission and the 

decline of groundwater tables. However, convincing farmers’ of the potential advantages of 

diversified crop rotations identified in field experiments, constitutes a real challenge  

Additionally, there is certain evidence that implementing alternative cropping systems may  

exert a negative effect on food security in China (Yang, et al., 2015c). Therefore, a 

substantial decline in the share of arable land being cultivated with the intensive WW-SM 

system is highly unlikely in the NCP over the next decade (Yang, et al., 2015c; Zhang, et al. 

2009b). 

Similarly, the adoption of advanced irrigation technologies proves a huge potential with 

regard to water saving, e.g. Wang et al. (2014), while its adoption in practical farming is still 

very limited in the NCP. Due to the high initial investment costs, water saving irrigation 

technology, such as drip irrigation, is commonly applied in the NCP only for producing high 

value crops, e.g. cotton, vegetables and fruits (Deng, et al., 2006). Motivating farmers to shift 

from the traditional low-cost flood irrigation system to the more costly and skill-demanding 

drip irrigation system remains a challenge throughout arid China (Mamitimin, et al., 2015). 

 

1.3.4 Tillage and residue management  

As demonstrated in many parts of the world, conservation agriculture has certain potential 

to support sustainable crop production including water saving agriculture (Hobbs, 2007; 

Hobbs, et al., 2008). However, the effects of tillage on soil water, crop yield, and WUE are 

complex and highly dependent on the natural site-conditions and other management 

practices (Hatfield, et al., 2001; Fang, et al., 2010). In the NCP, maize produced under 

conservation tillage showed higher WUE and yield than under conventional tillage, while 

opposite results were found for wheat (Zhang, et al., 2002; Li, et al., 2007). Similar effects of 

conservation tillage were observed for yield. He et al. (2011) and Wang et al. (2011) 

reported a tendency towards higher crop yields under conservation tillage compared to 

conventional tillage in dry years. In the contrary, Chen et al. (2011b) found that conservation 

tillage significantly decreased maize yields, while Huang et al. (2012b) found no significant 
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yield difference between conservation and conventional tillage. Notably, conservation tillage 

has frequently proven potential for reducing GHG emissions, mainly as a result of reduced 

surface disturbance (Mosier, et al., 2006; Lee, et al., 2006). In the NCP, however, except for 

one study, i.e. Li et al. (2010), all research showed increased N2O emissions under 

conservation tillage compared to conventional tillage, e.g. Zhang et al. (2015b), Zhang et al. 

(2011b) and Liu et al. (2007).  

Similar to conservation tillage also crop residue amendment shows diverting effects on crops’ 

WUE in the WW-SM system of the NCP, as summarized in a literature review by Fang et al. 

(2010). Results obtained by Deng et al. (2006) identified increases in WUE of 10 - 20% due to 

residue return. Also Zhang et al. (2003b) found an increase in WUE under residue return 

conditions in WW, while Chen et al. (2007b) reported no effect or even a slight decline in 

WUE under residue return conditions. For SM, incorporation of crop residue proved to 

improve maize yield and WUE simultaneously (Fang, et al., 2010).  

Purely positive effects of crop residue amendment have been indicated by previous studies 

with regard to enhanced SOM dynamics, plant nutrient availability and consequently crop 

yield (Bollero, et al., 1994; DuPont, et al., 2009; Kuo, et al., 2002). With a large share of crop 

residues being traditionally used as burning material or animal feed, and only a minor share 

of residues being returned to the field, the increased incorporation of crop residues has 

strong potential to improve crop productivity by increasing SOM and soil fertility (Pan, et al., 

2009). In a regional study Zhang et al. (2008) identified an average increase in grain yield 

achieved by wheat residue amendment by 260 kg ha−1 year−1 for wheat and 310 kg ha−1 

year−1 for maize. 

However, negative effects of returning residue to field were identified in the NCP with 

regard to increased N2O emissions caused by the inhibitive effect of straw incorporation in 

soil (Zou, et al., 2005; Yao, et al., 2009; Yao, et al., 2013). Liu et al. (2011) found that total 

N2O emissions during the maize growing season increased by 58% following the return of 

wheat straw. Moreover, the annual seasonal cumulative N2O emissions from the straw 

return treatments increased by 28-37% compared to straw removal treatments in WW-SM 

rotation in the NCP (Huang, et al., 2013). However, when considering the GHG offset effect 

by increased SOM, straw treatments reduced GHG emission by 30% compared to no straw 

return, despite higher emissions of N2O and fuel demand for residue incorporation in the 

straw return treatment. Therefore, the effects of crop residue handling on total GHG 
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emission is significantly affected by many factors including soil property, crop residue type, 

management practices, and whether or not the offset effect of SOM is considered. 

 

1.3.5 Farm household survey based studies 

The above described studies highlight the improvement potentials with regard to GHG 

emission mitigation and sustainable crop production in the NCP. However, the NCP is 

cultivated by millions of farm households, and it remains unclear whether the improvement 

strategies generated from controlled field experiments are able to achieve similar 

improvements under practical crop production conditions and the management of real farm 

households. 

In literature a strong imbalance of experiment based (natural science) versus survey based 

(social science) research has to be recognized, with the number of experiment based 

publications being many times higher. Still, several studies conducted household surveys 

focusing on environmental and economic challenges faced by crop production in the NCP. 

Zhen et al. (2005b) analyzed farmers’ WW-SM production in the NCP applying different 

environmental and economic indicators. They revealed that crop production in the NCP is 

economically viable at the expense of environmental pollution, degradation of natural 

resources and risk to human health. Poor soil productivity, unbalanced and excessive 

fertilization, inefficient irrigation, and labor shortage were identified in several studies as the 

major challenges towards sustainable crop production in the NCP (Li, et al., 2012; Xiao, et al., 

2014; Zhen, et al., 2005b; Liang, et al., 2011). Furthermore, a strong lack of environmental 

awareness was found among farm households in the NCP. Wei et al. (2007b) stated that 

over 70% of farmers either did not know or did not care about environmental protection and 

more than 66% of the respondents did not know about water and fertilizer use efficiency, as 

well as GHG emission. Furthermore a lack of knowledge by NCP farmers regarding the use of 

pesticides and their potential effects on human health was discovered by Chen et al. (2013). 

A very important finding from farm household survey based research in the NCP is the 

existing heterogeneity in actual crop management among farmers. In the majority of 

previous studies farmers’ crop management is assumed as rather homogeneous. However, 

differences in crop management, yield output and farm incomes were detected by Liang et 

al. (2011) and Zhen et al. (2005b). Apart from potential differences in natural production 

conditions, i.e. soil and climate, especially the diverting, methods, amounts and timing of 
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irrigation and fertilization were revealed among farm households by Li et al. (2012), Wei et al. 

(2007b) and Ma et al. (2007). Therefore, considering farm households’ actual field condition, 

management practice, labor availability, and knowledge level, are critically important to 

develop improvement strategies, which can be successfully adopted by the farmers of the 

NCP. 

 

1.4 Data sources, objectives and concept of the dissertation 

As described above strong research efforts are ongoing to improve the still highly 

unsustainable, resource consumptive and climate change promoting cropping systems of the 

NCP. Undoubted the focus of research is on the agronomic assessment of improvement 

potentials of crop production based on field experiments. Farmers’ actual crop management 

is mostly only considered in a very simplified approach by including a “farmers’ practice” 

treatment in the field experiments, representing the management of an average farmer. 

Additionally economic performance of potentially improved crop management is completely 

neglected in most research. To really overcome the sustainability issue in crop production 

and realize a reduction in GHG emissions, it is of vital importance to consider the actual crop 

management of farmers’ in the NCP including their socio-economic realities. 

 

1.4.1 Data sources 

The present study builds on primary and secondary data. Primary data was collected with 

standardized quantitative questionnaires by farm household survey, and additionally by 

semi-structured key-informant interviews. The original quantitative household questionnaire 

was developed in 2011 based on literature review related to LCA, especially life cycle 

inventory (LCI), as well as crop production and farming structures in the Chinese context. 

Additionally, German and Chinese experts were consulted, who provided valuable 

contributions to the design of the questionnaire. The goal of the questionnaire was to obtain 

the necessary first-hand data required to construct the LCI for WW and SM production on 

individual household level. The data required for the LCI strongly overlaps with the data 

needed for the economic assessment of crop production, which additionally requires price 

information. The data needs comprise all material, labor, machinery and energy inputs for 

every single crop production step. The questionnaire consists of eight parts (see Annex), 

including basic information, land resources, material input information (seed, irrigation, 
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fertilizer and agrichemicals), harvesting and selling process, as well as purchasing and cost 

information related to machinery. 

To control for logical errors in the questionnaire, pre-testing was conducted in eleven 

households of Wangzhuang Village, Quzhou County, Hebei Province, in April 2011. According 

to the findings of the pre-survey, the questionnaire was adjusted especially regarding the 

sequence of questions, specific wording, and previously missed out aspects of local crop 

production. The actual field survey was conducted in four villages in Quzhou County, namely 

Suhuzhai, Liuzhuang, Baizhai and Wanghu in July 2011 by face-to-face interviews. The 

interviews were conducted by the author of the study and eight previously trained 

enumerators, which were students from the College of Economics and Management of the 

China Agricultural University. The collected questionnaires were controlled for obvious 

errors and missing information subsequent to the interviews; missing and ambiguous 

information was as far as possible clarified by additional face-to-face or telephone 

interviews. After completion of the interview each respondent received a small gift from the 

interviewer team. In total 99 households were surveyed. 

After completion of the field survey, the questionnaire information was entered into EXCEL 

spreadsheet and screened thoroughly for consistency, comprehensibility and unrealistic 

values. Finally 34 households with insufficient, inconsistent and unrealistic data had to be 

removed from the sample, and the subsequent analysis was continued with the remaining 

65 farm households.  

Since mechanized field operations in the study region were for a great part conducted by 

agricultural contractors, additional expert interviews with local agricultural machinery 

renters were conducted to obtain information on diesel consumption for the respective field 

operations. Additionally key-informant data on pesticide use was obtained by face-to-face 

interview from local agro-chemical dealers. Specific secondary data on EFs and certain price 

information were extracted from peer-reviewed literature, the database of the LCA software 

GaBi 5 (Eyerer, 2012), statistical yearbooks and official govement documents.   

 

1.4.2 Objectives and concept of the dissertation  

The major goal of this thesis is to fill the void in literature on farm household-level 

environmental and economic assessment and consecutive development and testing of 
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strategies for more sustainable crop production in the NCP. The specific objectives of this 

thesis are listed as follows.   

1. Assess the status-quo environmental and economic performance of WW and SM 

production in the NCP  

2. Estimate the realistically attainable regional GHG mitigation potential when all grain 

was produced under "good crop management" conditions  

3. Identify and quantify the input and management factors determining farmers’ 

environmental and economic performance differences of crop production in the NCP 

4. Evaluate the uncertainty related to important parameters (i.e. yield change, EF of N2O) 

of GHG estimation  

5. Assess the effect simple N fertilization recommendation strategies on farmers’ GHG 

emission and farm income 

 

Overall, this dissertation aims to raise attention on the existing environmental and economic 

performance gaps caused by the disparity in crop management and input intensity among 

farmers. The thesis furthermore aims at supporting decision making on sustainable crop 

production in the NCP. The concept of this dissertation is summarized and illustrated in 

Figure 1.8. 

 

Figure 1.8: The concept of the dissertation 
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Abstract: 

To assess the attainable GHG mitigation potential from crop production in China’s most 

important grain production region, the North China Plain, single farm environmental and 

economic performance of 65 winter wheat - summer maize (WW-SM) producing households 

were determined. The results revealed a huge heterogeneity among farms, with up to five 

times higher environmental impact of worst compared to best performing farms. 

Astonishingly no trade-off between productivity and sustainability could be identified in the 

region, with high yield farms emitting no different amounts of greenhouse gases (GHG) per 

hectare compared to low yield farms. Building on cluster analysis, with farms grouped 

according to their economic and environmental performance into “poor”, “fair”, and “good” 

producers, the regional GHG mitigation potential was estimated. Under the scenario 

assumption that all grain in the NCP is produced under “good” production conditions, 21% 

and 7% of GHG could be mitigated in wheat and maize production, respectively. The study 

shows that in the NCP, exemplary for China’s rapidly developing agricultural sector, the crop 

management skills of a substantial share of farmers could obviously not keep pace with the 

massive input intensification. Among others farmer-farmer-trainings are recommended to 

close the gap in crop production performance among producers. 

 

Keywords: farm management diversity, environmental impact, economic performance, 

statistical analysis, North China Plain 
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2.1 Introduction 

Crop production in China is challenged by growing food demand, resource competition and 

an increasing negative environmental impact (Shi 2002). The North China Plain (NCP) is one 

of the most important and densely populated agricultural regions in China. It provides 

approximately three-fourth of the national wheat supply and one-third of the national maize 

supply (NBSC 2007). Production is mainly performed by small-scale farm households. It is 

characterized by conventional agricultural management under high input intensities, 

exerting a substantial effect on greenhouse gas (GHG) emissions from agricultural sources 

(Hu 2011, Zou 2010). These emissions originate directly from agricultural fields, e.g. nitrous 

oxide emissions from agricultural soils and on-farm energy usage for irrigation and field 

operations. They furthermore originate indirectly from the upstream production of farm 

inputs, i.e. mineral fertilizers and agro-chemicals (Burney 2010). 

On the global scale, agriculture is responsible for approximately 14% of total GHG 

emissions and therefore contributes significantly to global climate change (IPCC 2007). 

Owing to these harmful emissions and other negative factors, the ongoing climate change is 

projected to dramatically affect crop productivity in many regions of the world and pose a 

threat to food security and social stability on regional and global scales (Parry et al. 2004, 

IPCC 2007). Considering that many parts of China are especially vulnerable to the 

consequences of climate change (Wang et al. 2010), the Chinese government has realized 

the necessity to reduce its contribution to the increase in GHG emissions, aiming for an 

overall reduction after 2030 (DRC et al. 2009). Agriculture plays an important role in national 

climate change mitigation efforts given that it accounts for approximately 9% to the total 

GHG emissions in China and is responsible for approximately 47% of the total methane and 

81% of the total nitrous oxide emissions (Chen and Zhang 2010, Zhang and Chen 2010). 

Apart from its negative effect on GHG emissions excessive input intensities, as reported 

e.g. by Chen et al. (2004), result in very low input use efficiencies (Cui et al. 2008). In this 

context accumulated nitrate in soils pollutes ground- and surface water bodies (Wang et al. 

2013), with negative effects on biodiversity of the overall ecosystem (Zhao 2006). Low input 

use efficiencies may furthermore hamper a positive economic development of farming 

businesses. Household surveys conducted in the NCP during 2000 and 2011 showed that 

fertilizer cost accounts for 20% to 39% of the total production cost (Kühl 2010, HSB 2011). 

With input intensities continuously increasing, farm profits are in danger of stagnation or 

could even decline. This phenomenon constitutes a major obstacle in realizing increased 
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rural incomes in the NCP, which are necessary to counteract the ever widening rural–urban 

income gap in China (Feike et al. 2010).  

A growing interest in the assessment of the environmental impact of crop production in 

the NCP can be observed in recent years. The focus is on the evaluation of improved 

nitrogen fertilization strategies and their impact on yield, nitrogen loss and nitrogen use 

efficiency (e.g. Cui et al. 2008, Ju et al. 2009). Several studies aimed to assess GHG emissions 

from crop production under varying tillage practices (Zhang et al. 2013), nitrogen treatments 

(Ding et al. 2007), as well as fertilization and residue handling (Hu et al. 2013). Other 

research groups examined the production process of nitrogen fertilizers in China and 

estimated the respective GHG mitigation potentials (Huang and He 2012, Zhou et al. 2010). 

These studies are either based on field experimentation under controlled conditions (e.g. 

Ding et al. 2007, Hu et al. 2013) or have a macro level scope (e.g. Huang and He 2012). 

Very few studies considered the actual management practices of farmers in the NCP. In a 

comprehensive study, Liang et al. (2011) attempted to assess the reasons for existing yield 

gaps in the winter wheat –summer maize (WW-SM) rotation in the NCP; Meng et al. (2013) 

conducted a similar study on SM production on the national level. With regard to the actual 

improvement of fertilization practices in the field, Huang et al. (2008) and Jia et al. (2013) 

reported limited success in this extremely complex venture. Jia et al. (2013) concluded that 

insufficient consideration of the economic realities of farmers constitutes a major obstacle.  

Still the economic performance of current farming practices in the NCP is heavily 

underinvestigated withvery few studies examined the economic conditions of the current 

crop management practices of farmers. Cui et al. (2008) and Sun et al. (2007) conducted 

simplified economic assessments of different cropping strategies based solely on field 

experimentation. 

Therefore to understand the actually realizable GHG mitigation potential for the NCP, it 

is vital to assess the status quo of GHG emissions and economic performance of farmers’ 

crop production under the currently existing agricultural management schemes. Thus this 

study employs two environmental indicators, namely, GHG emission and product carbon 

footprint (PCF), as well as two economic indicators, namely, variable cost per unit and gross 

margin (GM)  on a primary household survey data set from the NCP. While GHG emission 

and GM describe the environmental impact and economic performance on a per area basis, 

PCF and variable cost describe them on a per unit basis of produced product. It is decisive to 

consider both viewpoints, when trying to comprehensively assess crop production systems 
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in the NCP with regard to the actual crop production area, produced amount of grain and 

profitability. As no correlation could be determined between farmers’ environmental 

performance (GHG emissions) and their productivity (yield and GM), cluster analysis was 

employed. Three farm household groups (“poor performance”, “fair performance” and 

“good performance”) were identified based on their similarity in environmental and 

economic performance, with the groups’ distinct crop management decisions explaining the 

causes for the differences. Building on the cluster analysis results the attainable GHG 

mitigation potential was assessed on regional scale under the scenario condition that all 

wheat and maize in the NCP is produced under “good performance”. Finally, 

recommendations targeted at each specific group of farmers were developed on how to 

improve crop management to increase economic profitability while reducing environmental 

contamination. 

 

2.2 Methodology 

2.2.1   Description of study area and data collection 

Quzhou County is located in southern Hebei Province in the center of the NCP (36.5° N; 

115.0° E) (Figure 2.1). Quzhou is a representative county of the NCP given its arable land per 

capita of 0.12 hectare and its WW-SM double cropping system occupying more than 80% of 

the total arable land (QCG 2011). The data used in this study were collected from both 

secondary and primary data sources. Secondary information was obtained from peer-

reviewed literature, the database of the life cycle assessment (LCA) software GaBi 5 (PE 

International 2012), national and provincial level statistical yearbooks and relevant reports 

provided by government agencies. Primary information on the amount, timing and cost of 

materials as well as labor and agricultural machinery inputs was collected through a 

standard household survey complemented by additional local expert interviews. 65 WW-SM 

farm households were selected through simple random selection. The key farm input and 

farm management data for the 2009-2010 WW-SM rotation was collected through face-to-

face interviews in July and August 2011. Additional key informant interviews were 

conducted to obtain information on agricultural input prices, existing fertilizer types, as well 

as the lifetime and annual maintenance cost of agricultural machinery. 
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Figure 2.1: Location of the NCP within China (left) and the location of the study region 

Quzhou County within the NCP (right) 

 

 

2.2.2 GHG emission and PCF as environmental impact indicators 

GHG emission and PCF express the environmental impact of crop production per land area 

and per production unit, respectively. Both indicators were assessed from a partial LCA 

perspective from initial resource extraction to the point when the final product is leaving the 

farm gate (ISO 2006). The system boundary of GHG emission and PCF from the WW-SM 

production system in the NCP is shown in Figure 2.2 (dashed box). One unit of WW/SM grain 

is set as the functional unit; the global warming potentials (GWP) in a 100-year horizon of 

carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) to CO2 emission are 1, 25 and 

298, respectively (IPCC 2007). GWP per functional unit is expressed in kg CO2 -equivalents 

(CO2e). 

Total GHG emission consists of pre-farm embedded and on-farm GHG emissions. Pre-

farm embedded emission stems from the production process of farm inputs, namely, 

fertilizer, diesel, seeds and agricultural chemicals, before being transported to the farm. On-

farm GHG emissions include direct and indirect emissions from applied mineral and organic 

fertilizers as well as crop residues in the soil. The diesel and electricity consumption for 

ground water acquisition, diesel usage in agricultural mechanization (e.g. seedbed 

preparation, incorporation of crop residues in soil) and diesel use for transportation are also 
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included. On-farm GHG emission consists of CH4, N2O and CO2. CH4 and CO2 emitted from soil 

are considered light sink and background emission, respectively, and were therefore 

excluded from the calculation of GHG emission from soil in this study. N2O emission from soil 

included N2O emissions from direct emission, atmospheric deposition, as well as leaching 

and runoff of added nitrogen (synthetic fertilizers, organic materials and crop residues) from 

managed soils. The N2O emissions from soils were calculated according to the IPCC (2006); 

the IPCC (2006) reference values were used for emission factors of N2O emissions from 

atmospheric deposition (EF4), leaching and runoff of nitrogen (EF5) from soil as well as 

fraction factors of the atmospheric deposition of nitrogen volatilized from synthetic 

fertilizers (FrasGASF), organic materials (FrasGASM) and leaching (FrasLEACHING) of added nitrogen 

from managed soil. Emission factor of N2O emissions per unit of nitrogen input (EF1) were 

defined at 0.53% according to Hu (2011). His experiment was conducted in Quzhou County 

under similar nitrogen levels as the average amount reported by the surveyed farmers in the 

present study.  

 

 

Figure 2.2: System boundary of the WW-SM production system of small-scale farm 

households in the NCP 
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2.2.3 GM and variable cost per unit as economic performance indicators 

GM constitutes the difference between sales revenue and variable cost; in research on crop 

production it is generally expressed in monetary value per land use area (e.g. Broad et al. 

2009, Khan et al. 2008, Krause and Arora 2008, Nash et al. 2013). Variable cost per unit is 

derived from the variable cost incurred within a production process divided by the number 

of units produced in a unit period. Together GM and variable cost per unit reveal how 

profitable and cost efficient small-scale farm households are in WW-SM production. 

The sales revenue of the WW-SM farming system was calculated from sold grain amount 

and sales price per unit, obtained through household survey and calculated individually for 

each household. The variable cost of the WW-SM farming system comprises expenses for all 

material and energy inputs, as well as service fees. Necessary input and output flow data 

including price, amount and yield was gathered during the survey for every working process 

of the WW-SM farming system.  

Groundwater as a public good in the NCP is free of charge. It is pumped by thousands of 

small wells installed and owned by private farmers or village committees. Individual farmers 

in the NCP usually pay pump owners an irrigation service fee, which covers the cost for 

electricity, the equipment costs associated with groundwater pumping, as well as the cost of 

installing the well. Thus, the economic assessment is based on the surveyed irrigation fee, 

while the environmental assessment is purely based on the consumed amount of electricity 

for all irrigation events in one season. 

2.2.4 WW-SM crop management status 

The summarized economic and environmental information, including amount, price and 

emission factor of input flow, from the 65 WW-SM farm households are shown in Table 2.1. 

The WW-SM crop system in this study encompassed one complete wheat-maize rotation 

cycle. WW was sown beginning to middle of October and harvested end of May to beginning 

of June; SM was sown beginning to middle of June and harvested end of September to 

beginning of October. Sowing was accomplished by machine in all surveyed farm households. 

SM seeds are mainly purchased from local fertilizer and material shops while self-

propagated WW seeds from the previous year’s harvest are commonly used for seeding in 

WW production. Thus, the previous year’s average wheat grain price was adopted to 

calculate farmers’ seed expenses in WW production. Fertilizer application in the NCP is 

generally implemented manually, followed by flood irrigation, except for the fertilizer 
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applied during the sowing process (Liang et al. 2011). A fairly low importance of animal 

manure for the provision of crop nutrients is found in the present study; only six and 16 out 

of 65 households applied manure as additional fertilizer in WW and SM, respectively. More 

than 50 different agricultural chemicals were applied by farmers in the study region, as 

recorded during the survey. Names of active substances, frequencies and amounts of 

applied chemicals were enquired. However, most interviewed farmers were not able to 

clearly recall the required information. Additionally the concentration of active substances 

within different brands’ products showed a wide range, as revealed through key informant 

interviews with agricultural chemical dealers. Therefore exact information available from 

few farmers was integrated to determine average annual cost for agricultural chemicals in 

WW-SM production. Due to insufficient data on the specific chemicals’ GHG emission during 

production and application, unspecific GHG emissions of agricultural chemicals for WW and 

SM were imported from Clemens et al. (1995). 
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Table 2.1: Mean values of input flow data, including applied amounts, expenses and 

emission factors used to estimate the environmental and economic indicators of the 65 

small-scale WW-SM farm households in the NCP; minimum and maximum values are given 

in parentheses 

Inputs 
Input 
unit 

Input 
amount 
WW 

Input 
amount 
SM 

Price 
unit 

Input 
price1 
WW 

Input 
price1 
SM 

Emission 
factor 
(kgCO2e kg-

1) 

Emission factor 
reference 

Ammonium 
bicarbonate 
(N =17%) 

kg 
ha-1 

661 (0-
2,250) 

242 (0-
1,500) 

USD 
kg-1 

0.10 0.11  1.73 Zhao et al.2011, 
CMA et al. 2006, 
Zhou et al.2010 

Urea 
(N = 46%) 

kg 
ha-1 

140 (0-
750) 

116 (0-
750) 

USD 
kg-1 

0.27 0.27 1.65 Zhao et al. 2011, 
CMA et al. 2006, 
Zhou et al. 2010 

NPK compound  
(N:P2O5:K2O=15:15:15) 

kg 
ha-1 

673 (0-
2,250) 

631 (0-
1,500) 

USD 
kg-1 

0.37 0.38 1.30 PE International 
2012 
 

Diammonium 
phosphate2 
(N:P2O5:K2O=18:46:0) 

kg 
ha-1 

- 28 (0-
1,500) 

USD 
kg-1 

- 0.33 0.3 Patyk et al. 1997 

Single super 
phosphate3 
(P2O5 = 20%) 

kg 
ha-1 

162 (0-
1,500) 

- USD 
kg-1 

0.10 - 0.07 Zhao et al. 2011, 
CMA et al. 2006, 
Zhou et al. 2010 

Ammonium sulfate 
(N = 20%) 

kg 
ha-1 

39 (0-
750) 

23 (0-
1,500) 

USD 
kg-1 

0.09 0.11 0.63 PE International 
2012 

Ammonium nitrate2 
(N = 34%) 

kg 
ha-1 

- 6 (0-
375) 

USD 
kg-1 

- 0.3 1.97 PE International 
2012 

Manure kg 
ha-1 

1,037 (0-
7,500) 

260 (0-
3,750) 

USD 
kg-1 

0.04 0.04 0.044 PE International 
2012 

Seed kg 
ha-1 

272 (131-
375) 

36 (11-
53) 

USD 
kg-1 

0.42 2.4 0.19 (WW), 
0.22 (SM) 

PE International 
2012 

Maize agricultural 
chemicals 

unit 
ha-1 

- 1 unit USD 
Unit-1 

- 22.1 18.9 (kg 
CO2e unit-1) 

Clemens et al. 
1995 

Wheat agricultural 
chemicals 

unit 
ha-1 

1 unit - USD 
Unit-1 

7.2 - 9.1 (kg 
CO2e unit-1) 

Clemens et al. 
1995 

Labor hour 
ha-1 

242 (90-
833)  

481 
(185-
1,045) 

USD 
hour-1 

0.8 (0.3-
1.5) 

0.6 
(0.4-
1.5) 

  

Irrigation MJ 
ha-1 

2,407 
(485-
4,849) 

1,262 
(331-
3,086) 

USD 
MJ-1 

0.10 0.10 0.314 (kg 
CO2e MJ-1)  

PE International 
2012 

Maize cob threshing  MJ 
ha-1 

- 23 USD 
MJ-1 

- 0.024 4 0.314 (kg 
CO2e MJ-1)  

PE International 
2012 

Maize residue 
management 

liter 
ha-1 

- 56.4  USD 
season-

1 

- 80 (0-
122) 

3.5 (kg 
CO2e liter-1)  

PE International 
2012 

Sowing seeds liter 
ha-1 

15 15 USD 
season-

1 

33 (7-
66) 

32 (14-
66) 

3.5 (kg 
CO2e liter-1) 

PE International 
2012 

Harvest  liter 
ha-1 

30 3 (0-30) USD 
season-

1 

101 (66-
111) 

11 (0-
155) 

3.5 (kg 
CO2e liter-1) 

PE International 
2012 

Transport liter 
ha-1 

16 (5-38) 16 (0-
30) 

USD 
liter-1 

0.954 j 0.954 j 3.5 (kg 
CO2e liter-1) 

PE International 
2012 

Embedded fertilizer 
transport 

liter 
ha-1 

4.0 15.3    3.5 (kg 
CO2e liter-

1) 

PE International 
2012 

Note: Data without citation based on the household survey.  
1. Mean currency rate in 2010 (1 USD = 6.77 Chinese Yuan) from IMF (2013). 
2. No diammonium phosphate and ammonium nitrate inputs in the WW production system in this study. 
3. No single super phosphate input in the SM production system in this study. 
4. Electricity price for threshing obtained from HCPB (2010). 

 

The number of invested labor hours for each working process was considered when 

determining the economic indicators. However, as commonly applied in LCA studies human 
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labor input was not considered for the calculation of the environmental indicators, and thus 

excluded from the boundary of the production system in the GHG emission calculation (BSI 

2008). The NCP is characterized by a semi-humid continental monsoon climate, with 60% of 

total annual precipitation concentrating from July to September. Thus the amount of 

electricity used for irrigation during the WW growing season is significantly higher than that 

during the SM growing season. The amount of electricity used and the charge rate per mega 

joule (MJ) for irrigation and threshing were derived from the survey data and the local price 

control bureau, respectively.  

Agricultural machinery is applied in crop residue management, sowing process, harvest 

process, transport and embedded transport for input provision. The environmental impact 

of agricultural machinery use is determined based on the actual diesel consumption for 

every working process. As WW harvest in the study region is conducted by contractors, the 

values deployed for diesel consumption during WW harvest were obtained by key informant 

interviews with agricultural machinery dealers. WW residue is generally left on the soil 

surface and incorporated during seedbed preparation for SM. Thus, WW crop residue 

management after harvesting incurs no additional cost. In the harvest process, maize cobs 

are harvested by hand and by machine by 57 and eight out of 65 farmers, respectively. After 

SM cobs are harvested, 56 out of 65 farm households opt to return maize residues to the soil 

by mechanized soil tillage, whereas the nine remaining households use the residues as 

combustion-supporting materials. Thus, the expenses for crop residue handling of SM 

production range from zero to 122 USD per hectare and season. Transport cost includes 

diesel consumption for the transport of materials and grains by a small household owned 

vehicle. The economic transport cost embedded in the transport of fertilizer from the place 

of production to the fertilizer shop is automatically considered in the actual fertilizer 

purchase. However, the environmental cost (i.e. GHG emission) embedded in this transport 

process is accounted for additionally (PE International 2012). 

Except for plant protection measures and embedded transport cost, all other values used 

for the calculation of economic and environmental performance were obtained from the 

household survey data set. Thus the differences in GHG emissions, PCF, GM and variable 

costs stem from the distinct management decision of each and every surveyed household, 

and were calculated individually. 

2.2.5 Statistical analysis 
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To determine whether a correlation between farmers’ environmental impact (GHG 

emissions) and their natural (yield) and monetary (GM) productivity exists, simple linear 

regression was conducted. 

As the preliminary data analysis in this study revealed a huge heterogeneity among sampled 

farm households regarding production data and outputs, cluster analysis was employed.  

Following the two-stage clustering approach, advocated by Punj et al. (1983) and widely 

applied in quantitative research field (e.g. Jansen et al. 2006, Petrovici and Gorton, 2005), 

the 65 WW-SM farm households were grouped into “poor performing”, “fair performing” 

and “good performing” farms based on their similarities regarding environmental impact 

and economic performance using SPSS (SPSS 2002). PCF, GM and variable cost per unit 

product of WW and SM production were selected as clustering variables.  

2.2.6 Regional GHG mitigation potential 

Building on the results of cluster analysis the regional mitigation potential of GHG emissions 

(GHGMP) from WW and SM production in the NCP was estimated. First of all, it was 

assumed that the total WW and SM output of the entire NCP (TONCP) in 2011 (NBSC 2012b) 

was produced under “poor”, “fair”, and “good” production conditions according to their 

clustered share in the farm sample of the present study. The total GHG emission was then 

calculated by multiplying the PCF of the “poor”, “fair”, and “good” performing groups with 

their amount of produced grain (Eq. 2). Finally, it was calculated how much GHG could be 

mitigated if all grain was produced under “good” production conditions (Eq. 1), based on the 

reduced PCF per unit of WW and SM grain (Eq. 3). The calculations where conducted 

separately for WW and SM to be able to evaluate the crops independently and develop crop 

specific recommendations. 

                                                                                              (Eq. 1) 

where 

                                                                 

                                                                                                                             (Eq. 2)                                                                                                             

   and 

                                                                                                              (Eq. 3) 
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2.3 Results and discussion 

2.3.1 GHG emission, PCF, GM and variable cost per unit 

Shown in Table 2.2 farmers’ WW and SM grain yields range from 3,750 to 9,000 kg ha-1 and 

from 5,250 to 9,375 kg ha-1, respectively. The mean wheat grain yield (6,428 kg ha-1) and 

maize grain yield (7,317 kg ha-1) values are very similar to those reported from another 

survey conducted in Quzhou county by Liang et al. (2011), who report 6,348 and 7,350 kg ha-

1 for WW and SM, repectively. Compared with other studies that cover the entire NCP, the 

mean maize grain yield in this study is close to the average maize yield value obtained by 

Meng et al. (2013), whereas the mean wheat grain yield is higher than the average yield of 

other NCP farmers (Ju 2009). This finding is in line with the observations of Lu et al. (2013). 

They report a higher productivity for the central part of the NCP – where Quzhou county is 

located – compared to other parts, with WW yields expected to be over 6,000 kg ha-1. 

Table 2.2: Output flow data, including yield, GHG, PCF, variable cost per unit and GM,used 
to assess the environmental impact and economic performance of 65 small-scale WW-SM 
farm households in the NCP; minimum and maximum values are given in parentheses 
 WW cropping system SM cropping system 

Yield (kg ha
-1

) 6,428 (3,750-9,000) 7,317 (5,250-9,375) 
GHG (kg CO2e ha

-1
) 4,107 (1,947-6,534) 3,185 (1,354-5,983) 

PCF (kg CO2e kg
-1

) 0.67 (0.27-1.41) 0.44 (0.18-0.83) 
Variable cost per unit (USD kg

-1
) 0.15 (0.07-0.30) 0.10 (0.06-0.16) 

GM (USD ha
-1

) 895 (-96-1,952) 1,279 (591-1,823) 

 

      The mean GHG emission of WW and SM production in the present study is 4,107 and 

3,185 kg CO2e ha-1, respectively. This finding is consistent with other net GWP findings (4,654 

and 3,594 kg CO2e ha-1 for WW and SM production, respectively)1of studies conducted in this 

area (Gao 2012). However, compared to the results of Liang et al. (2009), who identified a 

PCF of 0.47 and 0.821 kg CO2e kg-1 for WW and SM cropping systems in the NCP, respectively, 

the present study determined a rather high PCF for WW production (0.67 kg CO2e kg-1) and a 

rather low PCF for SM production (0.44 kg CO2e kg-1). Applying default emission factors in 

the Liang et al. (2009) study, compared to site-specific emission factors in the present study 

constitues the major reason for the divergence in PCF results.  

The variable costs per unit of WW and SM production of the 65 households range from 

0.07 to 0.30 USD kg-1 and from 0.06 to 0.16 USD kg-1, respectively. The mean variable cost 

per unit of WW (0.15 USD kg-1) is identical with the provincial unit cost of wheat grain, 

                                                 
1
The net GWP of the WW-SM cropping system in Gao (2012) includes N2O emission from soil, 

embedded GHG emission from fertilizer, electricity, fuel, and pesticides.  
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whereas the mean variable cost per unit of SM (0.10 USD kg-1) is slightly higher than the 

officially reported average provincial unit cost of maize grain (0.08 USD kg-1) (HSB 2011). The 

mean GM of the WW and SM cropping systems (895 and 1,279 USD ha-1, respectively) is 

consistent with the provincial average GM (905 and 1,433 USD ha-1, respectively) (HSB 2011).  

The results reveal a generally better economic and environmental performance in SM 

production compared to WW production. SM features lower GHG emission, PCF and variable 

cost per unit, at a GM per hectare nearly 300 USD higher compared to the GM of WW 

production. When looking at the different indicators’ range among the surveyed farm 

households one can identify a huge diversity; while maximum yields of both crops reach 

about two times the level of minimum yields, the maximum values of the economic and 

environmental indicators reach about three to five times the level of minimum values. 

2.3.2 Statistical analysis 

Correlation analysis (Table 2.3) revealed slightly negative insignificant correlations 

between the GHG emissions (sustainability indicator) and yield as well as GM (productivity 

indicators). Only for SM a slightly positive, though still insignificant correlation between GHG 

emission and yield can be seen. This means that farmers producing higher yields and higher 

GMs do not exert more GHG emissions. Thus no trade-off between productivity and 

sustainability can be identified for crop production among the sampled farm households.  

Table 2.3: Correlation of farmers’ GHG emissions (kg CO2e ha-1) with their yield and gross 

margin; coefficient of variance given in brackets 

Crop Yield (kg ha
-1

) Gross Margin (USD ha
-1

) 

WW y = -0,1239x + 4903,3 (R
2
=0.02) y = -0,9316x + 4943,6 (R

2
=0.10) 

SM y = 0,2404x + 1426,2 (R
2
=0.04) Y=-0,5607x + 3902 (R

2
=0.02) 

 

      Table 2.3 shows the mean values of yield, input amount and the economic and 

environmental indicators of the three household group clusters. Two extreme groups of 

farm households exist: “poor performance” and “good performance”, which account for 15 

and 29 of the 65 farm households, respectively. Between the “poor” and the “good” 

performance groups is the third group (“fair” performance) with 21 farm households.  

The “good” performance group features the lowest GHG emission and highest GM in the 

WW-SM production system. However, its GHG emission is slightly higher than that of the 

“fair” performance group in SM production. In terms of the average yield per hectare, the 
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“good” performace households have the highest average yield among the three groups, with 

7,318 and 7,849 kg ha-1 in the WW and SM production system, respectively. 

Table 2.4 furtermore shows that farm management decisions on input use significantly 

affect the farms’ performance. A lower N application rate and rational fertilizer combination 

result in relatively high economic returns and low environmental contamination. Farmers in 

the NCP tend to apply more N fertilizer than actually demanded by the crop (Chen et al. 

2004), which explains the at first glance astonishing result of higher input leading to lower 

economic returns. In both crops the NPK fertilizer input is highest in the “poor” performance 

cluster and lowest in the “good” performance cluster; more pure N fertilizer (urea and 

ammonium bicarbonate) is associated with better environmental and economic 

performance and a satifactory harvest amount. The better economic  performance can on 

one side be explained by the relatively higher N price in compound fertilizers compared to 

pure N fertilizers. On the other side are the locally available compound fertilizers 

characterized by poor quality as recorded by Khor (2013). He analysed 99 NPK compound 

fertilizers available in Quzhou county, and found a significant gap between the labeled N 

content and the actual N content; for pure N fertilizer this gap did not exist.  
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Table 2.4: Economic performance and environmental impact indicators, as well as yield, 
nitrogen and labor input per hectare (mean ± S.D.) of the three cluster groups of surveyed 
households 
Economic performance and environmental 
impact indicators, yield and input amounts 

Cluster groups 

Poor Fair Good 
Number of farm households 15 21 29 
WW cropping system    
Cluster center indicators    
  PCF (kg CO2e kg

-1
) 0.89±0.06 0.70±0.06 0.53±0.03 

  Variable cost per unit (USD kg
-1

) 0.211±0.009 0.153±0.005 0.116±0.004 
  GM (USD ha

-1
) 380±44 803±38 1235±39 

Other indicators:    
  GHG (kg CO2e ha

-1
) 4,543±291 4,114±273 3,875±197 

  Yield (kg ha
-1

) 5,183±175  6,086±201 7,318±136 
Input amounts:    
  Total nitrogen input (kg N ha

-1
) 318±26 292±22 288±17 

  NPK compound fertilizer (kg ha
-1

) 910±170 720±104 516±86 
  Urea (kg ha

-1
) 125±47 107±41 172±30 

  Ammonium bicarbonate (kg ha
-1

) 600±210 689±168 672±118 
  Labor input (hour ha

-1
) 288±37 227±31 230±30 

  Sowing cost (USD ha
-1

) 37±4 35±2 29±2 
  Transportation cost (USD ha

-1
) 17±2 17±2 13±1 

  Electricity for irrigation (MJ ha
-1

) 3,280±237 2,338±227 2,006±188 
    
SM cropping system    
Cluster center indicators    
  PCF (kg CO2e kg

-1
) 0.51±0.04 0.43±0.03 0.41±0.03 

  Variable cost per unit (USD kg
-1

) 0.121±0.007 0.093±0.006 0.083±0.003 
  GM (USD ha

-1
) 988±63 1,237±44 1,458±35 

Other indicators:    
  GHG(kg CO2e ha

-1
) 3,368±226 3,051±234 3,187±231 

  Yield (kg ha
-1

) 6,633±245 7,071±149 7,849±142 
Input amounts:    
  Total nitrogen input (kg N ha

-1
) 214±21 186±21 207±20 

  NPK compound fertilizer (kg ha
-1

) 865±130 591±70 516±71 
  Urea (kg ha

-1
) 70±43 132±44 134±34 

  Ammonium bicarbonate (kg ha
-1

) 150±102 296±109 320±94 
  Labor (hour ha

-1
) 558±38 475±39 445±25 

  Sowing cost (USD ha
-1

) 36±3 34±2 29±1 
  Transportation cost (USD ha

-1
) 14±2 18±1 13±2 

  Electricity for irrigation (MJ ha
-1

) 1,373±93 1,369±107 1,128±59 
  Crop residue returned to soil (58/65)  11/15 17/21 29/29 
  Machinery harvest (8/65) 1/15 2/21 5/29 

 

In WW-SM cropping system the “poor” performance cluster invests by far most labor 

hours into crop production. While the “fair” performance group features a slightly higher 

labor input in SM production compared to the “good” performance group, no difference can 

be observed in WW production between those two groups. The findings indicate that the 

“poor” performing households are very labor inefficient. Liang et al. (2011) confirm labour 

efficiency as a key to improved farm productivity.  
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Electricity for irrigation is a major contributory factor to total energy consumption, 

playing a vital role in the total GHG emission and production expenses. In the WW cropping 

system, the “poor” performance group requires approximately 64% more power compared 

to the “good” performance group, while in SM it requires 22% more. With both crops’ yields 

being higher in the “good” performance group, this result strongly indicates that absolute 

irrigation amount – represented by the amount of consumed electricity – is less decisive for 

acchieving a high yield level, than a successful irrigation strategy. Liang et al. (2011) also 

identified the timely implementation of irrigation events as a major reasons for realizing the 

full yield potential. 

58 of 65 households returned crop residues to the soil and eight of 65 households 

employed machinery during SM harvest (Table 2.3); the “good” performing households 

showed a higher tendency to return crop residue to soil and adopt machine harvest. Even 

though machine harvest entails certain economic and environmental cost, significantly 

higher than the cost of manual harvest, the overall performance of the respective farms is 

better than that of the farmers conducting manual harvest. This indicates that the machine 

harvesting farmers are the “advanced” or “modern” farmers, who manage their crops at a 

higher level and acchieve higher efficiencies.  

When comparing the WW and SM production system, a much stronger discrepancy 

between the clustered groups can be observed for WW production compared to SM 

production. In WW production the difference between the “poor” and the “good” 

performance group in GM, GHG emission and yield is -69%, +17%, -17%, respectively; in SM 

production the difference reaches -32% for GM, +6% for GHG emission and -15% for yield. 

This indicates a much bigger potential for production improvement in WW compared to SM. 

Therefore to advance the overall performance of WW-SM production system of the “poor” 

cluster group, improving crop management of WW production should be a major target. 

2.3.3 Regional GHG mitigation potential 

By implementing appropriate measures, it seems a realistic goal that all WW and SM 

production in the NCP can be performed under the crop management level of the “good 

performance” cluster. Table 2.5 displays the effect of all wheat and maize grain of the NCP 

being produced under “good” performance, assuming the share of “poor”, “fair” and “good” 

performance clusters being representative for wheat and maize production in the entire NCP. 
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Table 2.5: Estimated GHG mitigation potential for the NCP under the scenario that all WW 
and SM are produced under the “good” cluster group’s production conditions 
 Total / 

Average 
value 

Cluster groups 

Poor Fair Good 

Number of farm households 65
2
 15

2
 21

2
 29

2
 

Share of all farms (%) 100 23.1 32.3 44.6 

Wheat current     

Output (10
8
 ton) 57.0

1
 13.2 18.4 25.4 

PCF (kg CO2e kg
-1

) 0.67 0.89
2
 0.70

2
 0.53

2
 

Total GHG (10
8
 ton CO2e) 38.1 11.7 12.9 13.5 

Wheat improved     

Output (10
8
 ton) 57.0 0 0 57.0 

Total GHG (10
8
 ton CO2e) 30.2 0 0 30.2 

Potential GHG mitigation (10
8
 ton 

CO2e) 
7.9    

     
Maize current     

Output (10
8
 ton) 42.4

1
 9.8 13.7 18.9 

PCF (kg CO2e kg
-1

) 0.44 0.51
2
 0.43

2
 0.41

2
 

Total GHG (10
8
 ton CO2e) 18.6 5.0 5.9 7.8 

Maize improved     

Output (10
8
 ton) 42.4 0 0 42.4 

Total GHG (10
8
 ton CO2e) 17.4 0 0 17.4 

Potential GHG mitigation (10
8
 ton 

CO2e) 
1.3    

Note: Data without citation calculated based on data within table.  
1. Calculated based on China Statistical Yearbook (NBSC 2012b). 
2. Data obtained from field survey. 

 

It can be seen that under current production conditions 38.1 and 18.6 million tons of 

GHG are emitted in the NCP to produce 57.0 and 42.4 million tons of WW and SM, 

respectively. If all WW and SM would be produced under “good performance” production 

conditions the total amount of GHG would be reduced to 30.2 (WW) and 17.4 (SM) million 

tons; this results in an attainable GHG mitigation potential of 7.9 and 1.3 million tons in 

wheat and maize production, respectively. This accounts for an overall reduction of GHG 

emissions by 21% in wheat and 7% in maize. The significantly higher mitigation potential in 

WW compared to SM is a result of i) higher PCF per unit grain in wheat, ii) stronger 

discrepancy between “poor” and “good” performance in wheat production, and iii) a higher 

production amount of wheat in the NCP. Assuming that also the “good performance” group 

of farmers still has certain potential for improving their input use efficiencies and yield levels 

in WW and SM production, the theoretical GHG mitigation potential may be significantly 

higher. 

2.4 Conclusions and recommendations 
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Increasing agricultural incomes while reducing GHG emissions from crop production 

constitutes a prerequisite for realizing more sustainable agricultural production in China. 

Considering farmers’ actual crop management practices the current study assessed the 

realizable GHG mitigation potential from WW and SM production in China’s most important 

grain production region the NCP. 

A huge divergence in agronomic, environmental and economic performance among the 

65 sampled farm households was revealed, with the best households’ environmental and 

economic performance up to five times better (i.e. five time lower PCF and five times higher 

GM) compared to the worst performing. Astonishingly no correlation between farmers’ GHG 

emissions per hectare (sustainability indicator) and their yields as well as gross margins 

(productivity indicator) could be identified. To the contrary it was found that the group of 

farmers with highest input rates – both in materials and labor – achieved lowest yield levels. 

One needs to recognize that the major sustainability issues in the NCP, examplatory for all of 

China’s fast developing cropping regions, differ greatly from the issues in crop production 

regions of developed countries. While in highly developed cropping systems the major 

sustainability challenge lies in balancing productivity and sustainability (Spiertz 2013), the 

major challenges in China are the low yield levels and especially the poor input use 

efficiencies acchieved by a substantial share of farmers as shown in the current study. 

The widening gap between input intensification and farmers crop management skills 

must be considered the major reason behind the low efficiency in crop production in China. 

On one side input intensification has accelerated continuously, with applied amount of 

fertilizer per hectare increased by 79% and total power of agricultural machinery increased 

by 196% in the 1992 to 2011 period (NBSC 1994, NBSC 2012a). On the other side, the 

education level of farmers, which is considered the key feature for improved crop 

management (Ma et al. 2014; Liu et al. 2011), is progressing at a rather low pace (Willmann 

and Schucher 2005), with the educated youth migrating to the cities.  

Still the low efficiencies in crop production also offer a great chance for improvement. 

Apart from the pre-farm-gate improvement potentials, like reducing emissions during 

fertilizer production, introducing an effective fertilizer quality control scheme, and improving 

the water supply infrastructure to alleviate water shortage related inefficiencies, the major 

improvement potentials with regards to GHG reduction and farm income increase lies in an 

enhanced agronomic management by the large share of “poor” and “fair” performing 

farmers. Here the timely application of fertilizer and irrigation according to the crops’ actual 
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nutrient and water requirements constitutes a key measure (Lu et al. 2013; Meng et al. 

2013). Further improvement potentials lies in the selection of improved varieties, optimized 

sowing dates, adequat plant protection and adoption of planting densities to local conditions. 

In this respect, the key question is how to make the “poor” and “fair” farmers conduct 

their agronomic management at the same high level as the “good” performing farmers. 

Farmer training programs are already implemented, and show certain potential to e.g. 

increase fertilizer use effiency (Huang et al. 2008). However, those training programs often 

require on-site guidance by agricultural extension agents and are thus expensive. 

Considering that crop production in the NCP is conducted by millions of small-scale farm 

households, which generally feature a low willingness to adopt new sustainable agricultural 

technologies (Liu et al. 2011), the cost for training all those farmers is immense. To 

overcome major shortcomings of the current extension system, like the backward extension 

pattern, irrational structure and insufficient funding (Hu et al. 2004), the implementation of 

neighborhood mutual help schemes, which have a long tradition in China’s communities 

(Chan 1993) should be promoted. The huge gap between poor and good performing farmers 

makes the initiation of such help schemes enacted through farmer-farmer training an 

extremely promising strategy to realize more sustainable crop production in the NCP and 

other parts of China.  

Revealed by the current study, reducing the environmental impact and improving the 

economic performance of crop production in China are not counteracting each other, i.e. the 

measures that act positive in ecological terms will at the same time help to increase farmers’ 

income. If this win-win can be acchieved, 21% and 7% of GHG can be mitigated in wheat and 

maize production in the NCP. 
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Abstract: 

Background: With aggravating environmental problems and increasing rural income demand 

in the North China Plain (NCP), it is decisive to identify the determinants of environmental 

and economic performance of current crop production to promote more sustainable 

agriculture. Results: This study conducted GHG emission and life cycle costing (LCC) analysis 

on winter wheat (WW) and summer maize (SM) in the NCP, and adopted stepwise multiple 

linear regression (SMLR) to determine the causative factors for diverse GHG emission and 

LCC results. Fertilizer input and N2O from soil are the two biggest contributors in GHG 

emissions, while fertilizer and labor are the two main sources of LCC in WW and SM 

production, respectively. The SMLR results show that nitrogen input and electricity for 

irrigation were responsible for 0.787 and 0.802 of variability (adjusted R2) in the GHG 

emission of WW and SM production, respectively. Electricity for irrigation and labor were 

the most significant factors explaining the differences in LCC of WW and SM production, 

with an adjusted R2 of 0.397 and 0.290. Conclusion: The potentials of reducing GHG 

emissions and LCC of WW and SM production were discussed focusing on the three key 

target areas N input, electricity for irrigation and labor demand. 

Keywords: GHG emission; life cycle costing; stepwise multiple linear regression. 

 

3.1 Introduction 

Agriculture in China is continuously challenged by increasing food demand, depleting 

resource availability, environmental degradation and the slow growth of rural incomes (Zhen, 

et al., 2006). On the one hand, intensive farming with low resource use efficiency results in 

an aggravating environmental pollution, which becomes particularly apparent in the ever 

increasing emissions of greenhouse gases (GHG) from agricultural sources (Gao, et al., 2011; 

Meng, et al., 2012; Zou, et al., 2010). From 1992 to 2011, total GHG emissions in China 

increased from 2.78 to 9.55 billion tones, where agriculture accounts for approximately 20% 

of total GHG emissions (Olivier, et al., 2013; SAIN, 2011). On the other hand, excessive input 

use in crop production is considered the main cause for the low growth rate of agricultural 

income and farm income insecurity (Kühl, 2010). From 1992 to 2011, the production cost for 

cereals rose by more than 300% per hectare, while the yield per hectare increased only 

about one third (NBSC 2012a; NBSC2012b; NBSC 1994). 
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The North China Plain (NCP) as the most important winter wheat (WW) and summer maize 

(SM) production region of China provides approximately 30% of the nation’s food, including 

74% of total wheat and 35% of total maize production (NBSC, 2007; Piotrowski, et al., 2006). 

The majority of this grain is produced in a WW-SM double cropping system, where both 

crops are cultivated successively, allowing two harvests in one year (Sun, et al., 2011). As 

such the NCP is facing the above described problems caused by highly intensive production 

with excessive and inefficient input use, as well as the consecutive high input cost at an 

alarming extent (Huang, et al., 2013). 

Substantial research efforts have been undertaken in recent years to investigate the extent 

of GHG emissions from crop production in the NCP and identify potential measures to 

reduce those emissions. In this respect most studies conducted experimental researches 

with an emphasis on the GHG mitigation potential through improved fertilization strategies 

(Qiu, et al., 2012; Liu, et al., 2011; Li, et al., 2010; Meng, et al., 2012; Hu, et al., 2013). 

However, the results obtained and conclusions drawn from such experimental research 

under controlled field conditions are limited in their validity regarding farmers’ practical crop 

management and improvement potential (von Wiren-Lehr, 2001). This is firstly due to the 

different production conditions in controlled field experiments compared to farmers’ actual 

field practice. Secondly the crop land of the NCP is cultivated by millions of small-scaled farm 

households, which results in a huge diversity of actual farm management practices among 

the different households. 

Additionally to the important food supply function, crop production in the NCP also 

constitutes the primary source of income for the agricultural population in one of the 

world’s most densely populated agricultural regions (Li, et al., 2014). Hence, if 

recommendations are to be developed that aim at improving crop production in the NCP 

with regard to reducing its environmental impact, it is decisive to consider the economic 

consequences of the specific recommendations at farm level. Recommendations that 

neglect farmers’ economic realities will be ineffective or even counterproductive in practical 

operation (Haefele, et al., 2010). Thus it is vital to conduct an integrated environmental and 

economic assessment of farmers’ crop production practice to identify the common driving 

factors that allow a simultaneous improvement of crop production at environmental and 

economic level in the NCP. 

The overall aim of the present study was to provide a better understanding of how input 

factors affect environmental and economic costs of WW and SM productions under the 
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diversity of current farming practices. To achieve this goal, the present study adopted GHG 

emission analysis and life cycle costing (LCC) of WW and SM production. GHG emission 

analysis was performed through a life cycle assessment (LCA) approach, which is widely used 

in sustainability research to identify potential environmental issues of agricultural 

production (e.g. Liang, et al., 2013; Liu, et al., 2010; Xu, et al., 2013). LCC is commonly used 

as a decision-making tool which analyzes the economic cost within a LCA framework (e.g. 

Mohamad, et al., 2014; Luo, et al., 2009; Reich, 2005). In the present study, LCC analysis was 

used to calculate the total production cost throughout the life cycles of WW and SM. LCA 

methodology has yet been applied only sporadically in sustainability assessment of WW and 

SM production in China (Liang, et al., 2009; Wang, et al., 2014). To the authors’ best 

knowledge an integrated LCA / LCC study on WW and SM, has not been conducted yet for 

the NCP. 

Following the GHG emission and LCC analysis stepwise multiple linear regression (SMLR) was 

adopted to identify, which input factors of the production systems explain the variances in 

environmental and economic costs among the sampled farm households. Finally, 

recommendations were developed to identify attainable GHG mitigation and economic 

sustainability potentials of actual cropping practices in the NCP.  

 

3.2 Materials and methods 

3.2.1 Crop production data 

A questionnaire based field survey was conducted in Quzhou County, Hebei Province in July 

2011. Quzhou County represents a typical County of the NCP with about 80% of cropping 

area being cultivated with the WW and SM double cropping system (QCG, 2011). Detailed 

crop management data of 65 WW and SM producing farm households, selected by a simple 

random selection process, were collected through face to face interviews. The collected 

production data of the 2009/2010 WW/SM production season comprised detailed data on 

applied fertilizer, seed, labor, electricity and diesel, as well as the obtained grain yields. 

Expert interviews with local agricultural machinery renters were additionally conducted to 

obtain information on diesel consumption for field operations executed by agricultural 

contractors in WW and SM production systems. For the estimation of GHG emission, those 

primary data were complemented by secondary data, extracted from peer-reviewed 

literature and the database of the life cycle assessment software GaBi 5 (Eyerer, 2012). For 
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the estimation of LCC the primary data were complemented by information obtained from 

regional and national statistical yearbooks as well as official documents of local governments 

and international organizations. 

 

3.2.2 GHG emission and life cycle costing 

To determine the environmental impact of the surveyed farm households, GHG emissions 

were assessed by LCA approach. LCA is a method to evaluate the environmental impact 

associated with a product, process or activity, and its performance over its entire life cycle 

(Rebitzer, et al., 2004). LCA identifies and describes the requirements for energy and 

materials as well as the emissions and waste released to the environment (Liu, et al., 2010). 

The LCA analysis in the present study was performed based on the guidelines for LCA 

according to DIN EN ISO 14040:2006/14044:2006 (ISO, 2006). 

Life cycle costing (LCC) is a method of calculating the total cost of a product induced 

throughout its life cycle (Lee, et al., 2009). LCC can be used parallel to LCA by sharing the 

same system boundaries and constructing LCC analysis on the LCA model as basis 

(Hoogmartens, et al., 2014). Since there is no standard or certification for LCC studies (Reich, 

2005), different LCC approaches exist depending on their target, the cost involved and the 

context of LCC itself (Baquero, et al., 2011). 

In the present study, LCC analysis entailed all financial cost related to product in its life cycle, 

for example investment cost, operative cost and sales revenues (a negative cost), all 

discounted to present value (Reich, 2005). External end-of-life cost and environmental cost 

are excluded from the LCC analysis as recommended by (Hoogmartens, et al., 2014). 

3.2.2.1 System boundary 

The definition of the system boundary constitutes an essential step in any LCA and LCC study. 

All relevant production activities from cradle to farm gate were included within the 

boundary of the current study. The defined system consisted of two main stages: production 

of external farm inputs (input stage) and on-farm production activities (farm stage) as shown 

in Figure 3.1. Within the frame of the input stage respective GHG emission and financial cost 

of all external material and energy inputs, namely mineral fertilizer, manure, diesel, 

electricity, seed, agricultural chemicals and crop residues were considered. Additionally 

emission and cost related to transportation from place of production to the farm were 
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accounted for. Within the frame of the farm stage all emission and cost related to the actual 

crop production process were included, with one kilogram of grain set as the functional unit. 

The dotted arrows indicate the consideration of feedback of harvested wheat grain being 

available as seed for sowing in winter wheat, as well as the (positive) impact of returned 

crop residues (wheat and maize straw) on soil organic carbon content. 

Figure 3.1: The applied LCA and LCC system boundary of WW and SM production in the NCP 

3.2.2.2 Impact and cost categories 

The three major GHGs associated with agricultural production – namely carbon dioxide (CO2), 

methane (CH4) and nitrous oxide (N2O) – differ significantly in their effectiveness in trapping 

heat and turnover rates in the atmosphere. Thus their global warming potential (GWP) 

depends on the considered timeframe (Snyder, et al., 2009). As commonly applied in LCA 

studies (e.g. Jacobsen, et al., 2013; Liu, et al., 2010; Flysjo, et al., 2011) the GWP for a 100-

year horizon was adopted as environmental impact category. The GWP per functional unit is 

expressed in kg CO2 -equivalents (CO2e); CO2, CH4 and N2O to CO2e emission are 1, 25 and 

298, respectively according to the IPCC guidelines (IPCC, 2007). 

To assess the total life cycle costs of WW and SM production various cost-categories were 

incorporated (Table 3.1). Operational cost consisted of the expenses for mineral fertilizers, 

manure and agricultural chemicals, while maintenance cost comprised diesel and electricity 
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costs. Service cost included two sub-cost categories: rental cost of agricultural machinery 

and land rental cost. As most small-scale farmers in the NCP do not possess large-scale 

machinery by themselves, most mechanized field operations of the sampled farm 

households, i.e. soil tillage, sowing, wheat harvest and incorporation of crop residues were 

accomplished by private large-scale machine owners. The respective service cost for renting 

machinery include maintenance fee, labor cost and diesel consumption, which were 

individually paid to the machine owners according to field condition and distance. Land 

rental cost was incurred for the households renting land from other farmers. 

Table 3.1: Cost categories for LCC of WW and SM production in the NCP 

Cost categories Sub-cost categories 

Operationaland 
maintenance cost 

Material cost (fertilizer, agricultural chemicals and seed)  
Energy cost (diesel and electricity) 

Service cost Rental expense of agricultural machinery (sowing, harvest and crop 
residues management), land leasing cost 

Capital cost Depreciation of own agricultural machinery 

Labor cost Labor cost 

 

Capital cost in this study comprised annual depreciation of own machinery, which consisted 

of net operating and maintenance cost (diesel consumption cost, own labor cost and 

materials), as well as investment expenditure cost; this cost was calculated annually by 

considering the depreciation rate of the machinery as follows:   

DK = [Aini+    
   t*(1+d)-t -S*(1+d)-N]*AF  (1) 

where DK = annual own machinery cost; Aini = initial cost at the machine of purchase; Rt = 

machine repair cost in period t; d = discount rate; S = salvage value of machine at the end of 

its lifetime; N = lifetime of farmer’s own machine in years estimated by the individual farmer. 

AF is the annuities factor given as follows: 

AF=
        

        
   (2) 

As most of the reported agricultural machinery was purchased more than 10 years before 

the survey, most farmers could not recall the exact repair expense for each single year since 

purchase. Therefore the repair expense of machinery (Rt) was estimated by farmers in the 

form of annual expense over all operation years. A 5.34% discount rate was employed, as 

reported by the provincial statistics for the surveyed time period (AMB, 2010) .      
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Labor cost was estimated by adopting the opportunity cost of one labor hour and the 

required working hours for every management step throughout the WW and SM production 

systems as reported by each individual farmer. Loan interest and tax were set to zero, as 

none of surveyed farm households took on a commercial loan with binding interest (i.e. only 

loan from relatives or friends without interest) and all agricultural tax had been abolished in 

China in 2006 (Xing, 2005). 

3.2.2.3 Life cycle inventory 

Input stage The GHG emission at input stage entails all emissions associated with 

manufacture, production and transport of external inputs (e.g. seed production, mineral 

fertilizer production, agricultural chemicals production, diesel and electricity generation), 

which were applied in WW and SM production systems. The GHG emission at input stage 

was calculated based on the applied amounts of inputs obtained from field survey and the 

respective emission factors (EFs) of inputs, displayed in Table 3.2 and Table 3.3, respectively. 

More than 50 agricultural chemicals were reported by the surveyed farmers to control pests 

and diseases in WW and SM production systems. However, most farmers could not exactly 

state the applied amount and frequency of their crop protection measures. Thus, unspecific 

GHG emissions of agricultural chemicals applied in the WW and SM production systems 

were imported from Clemens et al. (1995). 

Farm stage On-farm GHG emission was determined using the actually applied input amounts 

for various field operations at farm stage. Three GHG emission sources were included in the 

GHG emission calculation at farm stage: N2O emissions from soil, GHG emission due to 

electricity consumption for irrigation and maize cob threshing, as well as diesel consumption 

for various mechanized field operations. 
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Table 3.2: Input/output flow of the WW and SM production systems of the 65 surveyed farm 

households given in mean values with standard deviation (SD) 

Input/output flow Unit WW production SM production 

Ammonium bicarbonate kg ha-1 661±714 242±472  

Urea kg ha-1 140±175 116±183 

NPK Compound  kg ha-1 673±534 631±408 

Diammonium phosphate(DAP)
† kg ha-1 0 28±189 

Single super phosphate (SSP)
‡ kg ha-1 162±445 0 

Ammonium sulfate kg ha-1 39±162 23±186 

Ammonium nitrate kg ha-1 0 6±47 

Manure kg ha-1 1037±1999 260±838 

Seed kg ha-1 272±43 36±9 

Labor  hour ha-1 242±150 481±156 

Electricity for irrigation  MJ ha-1 2407±1106 1262±401 

Electricity for maize threshing                   MJ ha-1 0 23 

Diesel for sowing seeds liter ha-1 15 15 

Diesel for harvest liter ha-1 30 3±9 

Diesel for transportation  liter ha-1 16±8 16±8 

Maize residue management  liter ha-1 0 56.4  

Grain yield kg ha-1 6428±1167 7317±925 

Note: † No DAP and Ammonium nitrate input in WW production 
‡ No SSP input in SM production 
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Table 3.3: Emission factors (EFs) at input and farm stage as well as input unit prices of WW 

and SM production given in mean values with standard deviation (SD) 

Input Unit Emission factor 
(kg CO2e unit-1) 

Unit Input price WW†  

(US$ unit-1) 
Input price SM† 

(US$ unit-1) 

Ammonium 
bicarbonate 

kg 1.73
‡
 Kg 0.10  0.11 

Urea kg 1.65‡ Kg 0.27  0.27  

NPK compound kg 1.30
§

 Kg 0.37  0.38  

DAP kg 0.3
¶
 Kg - 0.33  

SSP kg 0.07
‡
 Kg 0.10  - 

Ammonium sulfate kg 0.63
§ Kg 0.09  0.11 

Ammonium nitrate kg 1.97
§

 Kg - 0.3 

Manure kg 0.044
§

 Kg 0.04  0.04  

WW seed kg 0.19
§

 Kg 0.42  - 

SM seed kg 0.22
§

 Kg - 2.4  

Labor  - Hour 0.8±0.4 0.6±0.2 

WW agricultural 
chemicals 

ha 9.1
＃

 Ha 7.2 - 

SM agricultural 
chemicals 

ha 18.9
＃

 Ha - 22.1 

Electricity for 
irrigation 

MJ 0.314§ MJ 0.10 0.10 

Electricity for SM 
threshing                  

MJ 0.314
§

 MJ - 0.024 

Diesel for sowing MJ 3.5
§

 Season 33 (7-66) 32 (14-66) 

Diesel for harvest MJ 3.5§ Season 101 (66-111) 11 (0-155) 

Diesel for 
transportation 

MJ 3.5§ Liter 0.954  0.954  

Maize residue 
management 

MJ 3.5§ Season - 80 (0-122) 

Note: †Mean currency exchange rate in 2010 (1 US$ = 6.77 Chinese Yuan) (IMF, 2013). 
‡Own calculation based on (Zhao, et al., 2011; CMA, et al., 2006; Zhou, et al., 2010). 
§Data taken from (Eyerer, 2012). 
¶Data taken from (Patyk, et al., 1997). 
＃Data taken from (Clemens, et al., 1995). 
 
N2O emissions from direct and indirect emissions are N2O emissions from soil by applied 

mineral and organic fertilizers as well as crop residues. Within the crop-soil-atmosphere 

system CO2 is cycled in large amounts with only marginal potential net emissions caused by 

an eventual difference between the amount of CO2 fixed by photosynthesis and the amount 

of CO2 released by decomposition of organic matter (Snyder, et al., 2009). Therefore the net 

emission of CO2 is considered as background emission and thus excluded from the 

calculation of GHG emissions from soil. CH4 emissions from agricultural soils are only 

reported from rice cultivation, while in non-paddy production agricultural soils are rather 

considered as a light sink (Hu, et al., 2013; Snyder, et al., 2009). Therefore, CH4 was also 
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excluded in the calculation of GHG emissions from soil in this study. N2O emissions from 

direct and indirect emissions from soil were calculated according to IPCC (2006) guidelines as 

follows:  

N2O total =N2ON inputs + N2O (ATD) + N2O (L)   (3) 

N2ON inputs = (FSN + FON +FCR)* EF1*ɣN2O     (4) 

N2O (ATD) = (FSN * EF4*FrasGASF + FON* EF4*FrasGASM) *ɣN2O    (5) 

N2O (L) = (FSN + FON +FCR)* EF5*FrasLEACHING*ɣN2O    (6) 

where N2ON inputs, N2O (ATD), and N2O (L) were N2O emissions from direct emissions, 

atmospheric deposition, and leaching and runoff of nitrogen (N) additions from managed 

soils, respectively. FSN, FON, and FCR represent the N amount of mineral fertilizers, organic 

materials and crop residues applied to soil. EF1, EF4, and EF5 are the EFs of N2O emissions 

from inputs, atmospheric deposition, leaching and runoff of N on soils; EF1 is a location 

specific emission factor determined under common crop management of WW (Ding, et al., 

2007) and SM (Zhang, et al., 2011) in the NCP. The EFs of N2O emissions from atmospheric 

deposition (EF4), leaching and runoff (EF5) of N on soils originate from the IPCC guidelines 

(IPCC, 2006). FrasGASF, FrasGASM, and FrasLEACHING are the fraction factors of atmospheric 

deposition of N volatilized from mineral fertilizer, organic materials, and leaching from 

managed soil; ɣN2O is the mass conversion factor (44/28 g g-1 mol mol-1) (IPCC, 2006). 

GHG emissions of electricity consumption arising from irrigation and threshing of maize cobs 

were calculated based on the actually consumed amount of electricity reported by the 

individual farm household and the EF of electricity for China taken from the GaBi 5 database 

as shown in Table 3.3 (Eyerer, 2012). The charge rate per mega joule electricity was derived 

from survey data. With diminishing surface water resources farmers in the NCP are relying 

on groundwater for crop irrigation. This resource itself is generally free of charge; however, 

farmers need to pay an irrigation fee to the owners of pumps and wells, who provide the 

water to their fields. This fee generally covers related energy cost, as well as the well and 

pump owners’ equipment cost. Maize threshing was accomplished at households’ farmyard 

which was charged based on actual electricity consumption; standard electricity price for 

home consumption was paid by all sampled farm households and was thus obtained from 

local price bureau (HCPB, 2010). 
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As mentioned above, the economic cost for machinery use was determined solely on the 

reported values of the individual farm households. The GHG emission related to the use of 

agricultural machinery was determined based on the individually reported use of machinery 

for various field operations and the estimated diesel consumptions for the respective 

operations obtained from key informant interviews with agricultural machinery dealers. The 

manufacture of agricultural machinery was excluded from both, the estimation of GHG 

emissions and the calculation of LCC performance. 

 

3.2.3 Regression analyses 

Multiple linear regression (MLR) is a statistical method to analyze the relationship between a 

single response variable (dependent variable) and two or more controlled variables 

(independent variables), with both independent and dependent variables being numerical 

variables (Ghani, et al., 2010). Stepwise multiple linear regression (SMLR) refers to a specific 

type of MLR, where controlled variables are systematically added and/or removed from the 

model depending on their significance (Ghani, et al., 2010). This study adopted SMLR to 

identify which input factors were responsible for the variation in GHG emission and LCC 

performance among the sampled farm households. Prior to SMLR analysis, diagnostic plots 

(i.e. histogram graph, normal P-P plot) and correlation matrix were evaluated regarding the 

compliance with the three vital preconditions – linearity of variables, homoscedasticity and 

multicollinearity – to ensure the validity of regression results as recommended by (Jones, et 

al., 2014). Accordingly five numerical variables, namely seed, N input, labor demand, diesel 

for transportation and electricity for irrigation were selected as independent variables. 

Additionally two qualitative variables were included, namely return maize residue back to 

soil or not and maize harvest by machinery or hand, which were both converted into dummy 

variables to be compatible with the linear regression model. The stepping criteria employed 

for entry and removal of independent variables were based on the significance level of the F-

value and set at 0.05 and 0.10, respectively. The explanatory effect of an independent 

variable and its effect in combination with other variables on the dependent variable were 

determined by adjusted multiple correlation coefficient (adjusted R2). SMLR analysis was 

performed using SPSS 21 (SPSS, 2012). 

 

3.3. Result and discussion 
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3.3.1 Contributions of input factors to total GHG emissions 

4107 kg and 3185 kg CO2e GHG were released on average per hectare into the atmosphere 

in the WW and SM production systems in the NCP, respectively. This finding is consistent 

with other net GWP findings (4654 and 3594 kg CO2e ha-1 for WW and SM, respectively)1 of 

the study by Gao (2012) conducted in the same region. The contribution of GHG emissions of 

WW and SM production systems is shown in Figure 3.2. It can be seen that applied fertilizer 

constitutes the biggest source of GHG emissions in both WW and SM production systems, 

accounting for 56.5% and 43.4% of the total GHG emissions. Gao (2012) reported that 2620 

and 2123 kg CO2e GHG emission were emitted into the atmosphere because of fertilization 

in the 2009-2011 WW and SM production systems in the NCP; these values were higher than 

the results reported in the present study. A potential reason for this discrepancy is that the 

average N input from N fertilizers in the present study (296 and 202 kg N ha-1 in the WW and 

SM production systems, respectively) was lower than the 300 and 250 kg N input ha-1 in the 

WW and SM growing seasons in Gao’s (2012) study.  

N2O emissions from managed soil were another significant GHG emission source, accounting 

for the third and second largest GHG emission sources in WW and SM, respectively. On 

average, N2O traced from the soil reached 694 and 921 kg CO2e ha-1, accounting for 17.1% 

and 28.4% of total GHG emissions of WW and SM production system, respectively. N2O 

emissions during the WW growing season in the present study were closer to the results 

reported by Xing (Xing, 1998), but higher than other reported results (i.e., Cai, et al., 2002; 

Meng, et al., 2005; Ding, et al., 2007), mostly because these studies had lower N input rates 

(150 to 250 kg N ha-1) than the present study. In SM growing season, N2O emissions from soil 

were higher than the results reported by Cai et al. (2002), Meng et al. (2005), and Ding et al. 

(2011), but lower than the results reported by Hu (2011), and Zhang (2011). Comparing WW 

and SM, it can be seen that 69% of the annual N2O was emitted during the maize growing 

season in the NCP (Hu, 2011) with N2O emissions from WW cropping being comparably small. 

                                                 
1
  The net GWP of the WW and SM production system in Gao (Gao, 2012) includes N2O emission from 

soil, embedded GHG emission from fertilizer, electricity, fuel and pesticides. 
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Figure 3.2: Absolute amounts (given in numbers) in kg CO2e ha-1 for GHG emissions and 

US$ ha-1 in LCC and relative contributions (shown in color bars) of inputs to the GHG 

emission and LCC results of WW and SM production systems in the NCP 

High electricity consumptions caused by flood irrigation were the second and third greatest 

contributors (18.8% and 14.1%) to the total GHG emissions of WW and SM production 

systems, respectively. The main reason lies within the necessity to pump groundwater for 

irrigation purposes using electricity, as only 25% to 40% of the total crop water requirements 

can be satisfied by rainfall during the wheat growth period (Fang, et al., 2010). 

Machinery use for field operation was the fourth largest GHG emission contributor in both 

WW and SM production systems, responsible for 6% and 13.1% of the total GHG emissions, 

respectively. This difference was mainly due to the higher diesel consumption of maize 

residue incorporation into soil (56.4 liter ha-1) compared to the diesel consumption for 

wheat harvest (30 liter ha-1). Use of agricultural chemicals and seed contributed minor 

fractions of GHG emissions, accounting for only 0.2% to 1.4% of the total GHG emissions 

from WW and SM production systems. 

 

3.3.2 Contributions of input factors to LCCs 

Figure 3.2 shows the contribution of inputs to LCCs of the WW and SM production systems. 

The mean values of LCCs in WW and SM (1176 and 1190 US$ ha-1, respectively) are 

consistent with the provincial average total production costs (1219 and 954 US$ ha-1 for WW 
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and SM, respectively) (HBS, 2011). Fertilizers including applied mineral and organic fertilizer 

were the first and second largest contributors to LCCs of WW and SM, accounting for 35% 

and 25.9% of LCCs, respectively. Literature review did not reveal any other LCC study of 

wheat and maize in the NCP. However, Meng et al. (2012) determined under controlled field 

experiment conditions that fertilizer accounts for 25-31% of total production cost, which is 

production cost excluding capital cost. The high share of fertilizer cost in LCC is mainly due to 

the excessive fertilization habit existing among farmers in the NCP, i.e. farmers tend to apply 

more N fertilizer than actually demanded by the crop (Chen, et al., 2004). 

Notably, electricity expenses represented 20.7% and 11.2% of total LCCs in WW and SM 

growing season. Electricity consumption in wheat production was significantly higher 

compared to maize production, although the electricity consumption of the maize 

production system entailed the energy used for threshing of maize cobs. The higher 

electricity demand in WW is mainly due to the above described higher irrigation demand 

during the wheat growing season. 

Furthermore, machinery use was a relevant expense in WW and SM accounting for 17.9% 

and 14.8% of total LCCs. The relative contribution of machinery use to total LCC in this study 

is very similar to provincial machinery use cost in WW and SM production systems (17.8% 

and 14.5%, respectively) reported by HBS (2011). Labor expenses are the fourth and first 

largest contributors to LCCs of WW and SM, respectively. The different position of labor cost 

in WW and SM production systems is mainly due to the labor-intensive manual maize 

harvest in the study region. 88% of farmers harvested SM manually, with the consecutive 

expenses constituting 38.7% of total LCC. In contrast, all surveyed households used 

machinery to harvest wheat grain by hiring contractors with combine harvesters. Therefore, 

labor cost was a relatively insignificant expense factor (15.5%) to LCC in WW production 

systems. Compared to the minor contribution of seed in total GHG emissions of WW and SM 

production systems, seed expenses were a relevant contributor to LCC representing 10.3% 

and 7.4% of total expenses, respectively. This result is consistent with results from reported 

results in (HBS, 2011) and (Meng, et al., 2012). Similar to the low impact of agricultural 

chemicals on total GHG emissions, agricultural chemicals’ cost accounted for less than 2% to 

total LCCs of WW and SM production systems. 

 

3.3.3 Variations among sampled households 
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Apart from the above described analysis of average contributions of various production 

factors to total GHG emissions and LCCs, it is vital to determine and understand the 

variability in GHG emission and LCC results among the sampled farm households. The total 

GHG emissions of WW and SM production of the 65 households ranged from 1947 to 6534 

kg CO2e ha-1 and from 1354 to 5983 kg CO2e ha-1, respectively. The LCCs of the WW and SM 

production systems ranged from 647 to 2028 US$ ha-1 and from 681 to 1706 US$ ha-1. The 

relative contribution of the strongest average contributor mineral fertilizer varied from 38% 

to 74% and 18% to 62% in GHG emissions of WW and SM production systems, respectively; 

while the contribution of mineral fertilizer to total LCCs ranged from 12% to 62% and 5% to 

46% in WW and SM, respectively. 

Table 3.4: SMLR model results for the GHG emission and LCC of the 65 WW and SM farm 

households 

 b SE b Β R2 Adjusted R2 

GHG emission in WW      

   Constant 584.54 242.28  0.794 0.787 

N input  9.65 0.70 0.81 ***   

Electricity for irrigation 0.28 0.06 0.27 ***   

      

LCC in WW      

   Constant 549.45 62.48  0.662 0.645 

Electricity for irrigation 0.12 0.02 0.50 ***   

Labor demand  0.84 0.14 0.47 ***   

Diesel for transportation 8.33 2.73 0.24 **   

      

GHG emission in SM      

   Constant 657.69 249.03  0.808 0.802 

N input  10.10 0.63 0.90 ***   

Electricity for irrigation 0.39 0.15 0.14 *   

      

LCC in SM      

   Constant  251.29 124.33  0.609 0.576 

Labor demand  0.74 0.12 0.51 ***   

Machinery harvest 197.64 56.35 0.29 **   

N input 0.93 0.20 0.41 ***   

Seed 6.97 2.21 0.28 **   

Electricity for irrigation 0.10 0.05 0.17 *   

Note: b is the unstandardized coefficient, SE b is the standard error if b, β is the standardized 
coefficient, R2 is the coefficient of determination, and adjusted R2 is the adjusted coefficient 
of determination. 
***. Significant contributions to the model at P < 0.001.  
**. Significant contributions to the model at P < 0.01. 
*. Significant contributions to the model at P < 0.05. 
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SMLR analysis was used to explain which factors are actually responsible for the variation in 

GHG emission and LCC results among the sampled farm households. Table 3.4 shows that N 

input and electricity for irrigation together explain 0.787 and 0.802 of the variation in GHG 

emissions of WW and SM production, respectively. This indicates that crop management 

related to N input differs greatly among households, exerting a significant effect on their 

GHG emissions. Such strong variations in crop fertilizer management and utilization among 

farmers in the NCP were also reported by Li et al. (2012) and Liang et al. (2011). 

Electricity for irrigation is the other important predictor of variation in GHG emissions among 

households. This can partly be explained by the great discrepancies in the distance between 

irrigation well and field plots among farmers (Subedi, et al., 2009). Furthermore it can be 

attributed to the existing variation in overall water use efficiencies (WUE) achieved by the 

individual farmers (Fan, et al., 2014); differences in WUE may be caused by various factors 

including the applied water amounts, frequencies and timing of irrigation events. 

Electricity for irrigation and labor demand are significant factors influencing variation in LCCs 

in both WW and SM production systems; again electricity for irrigation is more significant in 

WW than in SM due to the higher irrigation water demand in WW. Labor use efficiency has 

also been recognized by Liang et al. (2011) as a key factor of economic performance of crop 

production in the NCP. The third significant explanatory variable in LCCs of WW is diesel for 

transportation. This may be due to differences in the individual farm’s distance to input 

retailers and point-of-sale for wheat grain. 

Variation in LCCs of SM production system can additionally be attributed to machinery 

harvest, N input, and seed. Conducting maize harvest by machine through contractors 

constitutes a substantial matter of expense to the respective eight out of 65 farmers. 

Furthermore, the impact of seed expenses can mainly be attributed to a substantial 

difference in applied sowing density, which varies widely among farmers in the NCP (Liang, 

et al., 2011). It is noteworthy that in both WW and SM production systems, the number of 

explanatory variables in GHG emission is significantly lower than in LCC results. Additionally, 

the indentified variables showed higher explanatory power (adjusted R2) in GHG emission 

than in LCC results. 

 

3.4.  Potential GHG emission and LCC reductions 
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The above described results reveal the hotspots and the driving factors of variations of GHG 

emissions and LCCs of WW and SM production systems in the NCP. Based on these findings 

opportunities and challenges related to reductions of GHG emission and LCC of WW and SM 

production systems are highlighted below. Both contribution analysis and SMLR analysis of 

GHG emission and LCC indicate that N input is overall the most significant contributor and 

predictor in the WW and SM production systems. Among the potential options of reducing N 

input levels and realizing a better N use efficiency in current WW and SM crop production 

systems in the NCP an optimized N application strategy is often debated. According to a 

range of studies (e.g. Chen, et al., 2006; Liu, et al., 2011; Qiu, et al., 2012; Cui, et al., 2008), 

such an optimized N management could allow a strong reduction of applied N without 

suffering significant yield and economic losses. Major aspects of the recommended N 

strategies are reduced amounts, optimized timing and increased frequency (i.e. split 

applications) of N fertilization events (e.g. Liu, et al., 2011; Meng, et al., 2012). Furthermore, 

the use of nitrification inhibitors may help to reduce N losses and related N2O emissions 

from soil as reported by Hu et al. (2013). However, nitrification inhibitors increase the price 

of fertilizers by approximately 5% to 10% compared to conventional products (Norse, 2012). 

A further option of reducing N fertilizer loss through volatilization is the incorporation of 

applied fertilizer into the soil (Pacholski, et al., 2008); however this entails additional labor 

input and may thus hinder the practical implication by farmers. Another possibility to reduce 

GHG emission constitutes the integration of legumes into the existing crop rotations. Ma et 

al. (2012) found that integrating legumes into continuous maize production systems can 

reduce GHG emission significantly. Also the integration of legumes as cover crops into maize 

monocultures helped to reduce CO2 emissions from soil in a study conducted by Huang et al. 

(2013). An additional and even stronger positive effect regarding GHG emission reduction 

was observed by Barton et al. (2014) caused by the lowered total N inputs in a wheat 

rotation with legumes. 

With fertilizer at input stage accounting for 56.5% and 43.4% of total GHG emissions in WW 

and SM production systems, respectively, substantial GHG emission reduction may be 

achieved (additionally to the potential on-farm reduction) during the fertilizer production 

process. China’s energy intensive fertilizer industries require significantly more energy and 

thus emit more CO2e per produced unit fertilizer than the global average (Kahrl, et al., 2010). 

Therefore the responsible government bodies should try to foster technological innovations 

and the necessary restructuring of the fertilizer industries through adequate policies and 

programs. Current policies like the ongoing massive subsidization of fertilizer production by 
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the government, and the consecutive availability of artificially low-priced fertilizers are 

obviously counterproductive to reducing the overuse of fertilizer (Li, et al., 2014). An 

insufficiently high price of N fertilizers is also revealed by the SMLR results for wheat, where 

N input is a significant predictor regarding GHG emissions, but it is insignificant in LCC. 

The second major factor electricity for irrigation accounts for 11.2% to 20.7% of 

environmental and economic performance and servers as an important underlying driver of 

variance in GHG emission and LCC, particularly in WW. Under the temperate continental 

monsoon climate of the NCP, with natural precipitation being insufficient in amount and 

uneven in distribution (60% in July - September) (Fang, et al., 2010; Deng, et al., 2006), SM 

and especially WW production inevitably depend on additional irrigation (Bai, et al., 2011). 

Therefore a key question arising from the current study’s results lies in the potential 

minimization of energy use for irrigation. This may firstly be achieved by a reduction of 

energy used to provide one unit of water. As remaining surface water resources are 

extremely scarce and restricted to small areas of the NCP, e.g. in the direct vicinity of Yellow 

River or Taihang mountains (Shen, et al., 2013) an improvement of surface water 

infrastructure, i.e. reservoirs and channels only promises limited success. Drilling more wells 

to minimize the average distance between the groundwater source and the individual 

farmer’s fields may help to reduce energy cost and related GHG emission significantly. It may 

additionally help to improve the timely availability of water for all farmers, which constitutes 

an important aspect of minimizing yield gaps (Liang, et al., 2011). However, more wells may 

cause a further acceleration of ground water table depletion resulting in increasing energy 

demand for irrigation water provision in the long-run (Foster, et al., 2004). 

Therefore to reduce LCC and GHG emission reducing the amount of consumed water 

through more efficient water use should be targeted (Zou, et al., 2013). The application of 

water saving irrigation technology (i.e. drip irrigation) is commonly applied in the NCP for 

producing high value crops (e.g. cotton, vegetables, fruits). Moreover, experimental research 

proved that drip irrigation could help to strongly reduce water consumption in wheat 

production in the NCP (Wang, et al., 2013). However, the high initial investment cost still 

hinders the widespread application of such technology in local grain production systems 

(Foster, et al., 2004). To promote the application of drip irrigation in WW and SM production 

systems an integrated approach including the subsidization of technology will be necessary 

(Mamitimin, et al., 2014). Other alternative strategies to increase water use efficiency are 

synchronizing irrigation with water supply from natural precipitation and actual crop water 
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demand (Evans, et al., 2008), joint optimization of water and nutrient supply (Hatfield, et al., 

2001) and shifting towards drought resistant crop cultivars (Fang, et al., 2010). The 

recommended measures must be cost-effective and their feasibility in the specific local 

context needs to be further investigated. 

Labor demand is the third important factor contributing significantly to absolute LCC and its 

variation in WW and SM production systems, suggesting that increasing labor efficiency may 

significantly reduce farmers’ production cost. Since 1978, the labor force in the agricultural 

sector is continuously decreasing in the NCP (NBSC, 2012b; Feike, et al., 2012). Around 50% 

of the rural labor is already working outside agriculture (Menegat, 2012). The young and 

skilled labor moves to the large cities, leaving behind a – for the major part - overaged 

agricultural labor force. Existing reluctance of farm families to rent out land is still hindering 

the necessary reallocation of land resources to more efficient producers (Deininger, et al., 

2005). With an average farm size of around half hectare (NBSC, 2012b), it is crucial to further 

develop the land rental market and establish larger farm units to realize a substantially 

increased labor productivity (Benjamin, et al., 2002). 

To significantly reduce GHG emission and LCC in WW and SM production systems in the NCP, 

the current study shows that it is necessary to reduce farmers’ input levels of fertilizer, 

water and labor and realize higher resource use efficiencies in farmers’ fields, at similar 

efficiencies levels as accomplished in the vast body of experimental research. Thus it is vital 

to establish effective agricultural extension programs, which train farmers extensively in 

conducting optimized crop management. In that respect, the transfer of the experiment-

based results into practice constitutes a genuine challenge, which is yet taken on only by 

very few research groups in China (e.g. Huang, et al., 2008; Jia, et al., 2013). 

 

3.5. Conclusion 

There is limited literature associated to GHG emission and LCC analysis of WW and SM 

production. This paper reports the methodology and assumptions of the GHG emission and 

LCC framework, including system boundary, functional units, impact categories and crop 

production information, which allows a wider application of the presented method to other 

regions and crops of China and other parts of the world. Contribution analysis highlighted 

fertilization, electricity and labor as the hotspots of GHG emissions and LCCs of WW and SM 

production systems. Furthermore SMLR identified the causative factors of variation among 
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farm households regarding their GHG emissions and LCCs of WW and SM production 

systems. This allowed the recognition of potential triggers to reduce GHG emission and 

economic cost. As such fertilizer at input stage was the strongest and most significant 

contributor to total GHG emissions in WW and SM production, respectively. It is therefore 

suggested to restructure fertilizer industry related policies and promote technological 

innovations in the CO2-intensive fertilizer industries. Regarding the on-farm improvement 

potential a reduction in applied fertilizer and irrigation water amounts are essential. To 

realize this effective agricultural extension programs that aim at optimized crop 

management resulting in high resource use efficiencies by farmers are recommended. In 

that respect the promotion of nitrification inhibitors and drip irrigation technology is very 

promising to substantially reduce GHG emission caused by crop production. With regard to a 

more efficient use of labor the promotion of the land rental market should lead to a shift of 

land resources towards more efficient producers in the long-run. 

 

3.6. Future perspective 

The overuse of fertilizers in WW and SM production systems of the NCP and its negative 

impact on GHG emission from crop production got on the scientific agenda in recent years 

(e.g. Wang, et al., 2014). Increasing energy prices, along with the necessary ending of 

subsidization of fertilizer industry are promising to induce a wiser management of plant 

nutrients in the future; this may include a stronger integration of legumes, deep placement 

of fertilizer, and application of nitrification inhibitors. 

With continuously depleting groundwater tables the electricity demand and related GHG 

emission and LCC for irrigation are likely to increase in the future. Furthermore, the ongoing 

shift towards larger farms will result in an increased mechanization of crop production, 

causing reduced labor demand on the expense of increased GHG emission due to more 

energy intensive production. 

Therefore to realize the desired low-carbon agriculture in China, it will be vital to implement 

transdisciplinary research approaches, which integrate agronomic, environmental, economic 

and behavioral science. Only then can the existing large improvement potentials of practical 

crop production be fully tapped. In this respect the consideration of the existing agricultural 

extension structures, which traditionally function in the dominant top-down manner 

prevailing in China will be of vital importance. 
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Abstract: 

Overuse of nitrogen (N) fertilizer constitutes the major issue of current crop production in 

China, exerting a substantial effect on global warming through massive emission of 

greenhouse gas (GHG). Despite the ongoing effort, which includes the promotion of 

technologically sophisticated N management schemes, farmers’ N rates maintain at 

excessive rates. Therefore the current study tests three simple and easily to apply N fertilizer 

recommendation strategies, which could be implemented on large scale through the existing 

agricultural advisory system of China, at comparatively low cost. Building on a detailed crop 

production dataset of 65 winter wheat (WW) and summer maize (SM) producing farm 

households of the North China Plain, scenario analysis is applied. The effects of the three N 

strategies under constant and changing yield levels on product carbon footprint (PCF) and 

gross margin (GM) are determined for the production condition of every individual farm 

household. The N fixed rate strategy realized the highest improvement potential in PCF and 

GM in WW; while the N coefficient strategy performed best in SM. The analysis furthermore 

revealed that improved N management has a significant positive effect on PCF, but only a 

marginal and insignificant effect on GM. On the other side, a potential 10% yield loss would 

have only a marginal effect on PCF, but a detrimental effect on farmers’ income. With 

farmers currently applying excessive N rates as “cheap insurance” against potential N 

limitation, it will be of vital importance to avoid any yield reductions (caused by N limitation) 

and respective severe financial losses, when promoting and implementing advanced 

fertilization strategies. To achieve this, it is furthermore recommended to increase the price 

of fertilizer, improve the agricultural extensions system, and recognize farmers’ fertilizer 

related decision-making processes as key research areas. 

Keywords: nitrogen fertilizer recommendation strategies; product carbon footprint; gross 

margin; North China Plain 

Highlights : 

- Simple nitrogen fertilization strategies (NFS) are tested to reduce N overuse at low cost  

- Improvement potentials of product carbon footprint (PCF) and gross margin (GM) are 

investigated under NFS and yield change scenarios 

- NFS has a significant positive effect on PCF, but an insignificant effect on GM 

- Yield loss has marginal effect on PCF, but detrimental effect on GM 
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4.1 Introduction 

Before the development and worldwide application of the Haber-Bosch process in the 1950s, 

nitrogen (N) was the major limiting nutrient in agricultural system (Ma, et al., 2008; 

Robertson, et al., 2009). In China, which currently needs to feed 22% of the world’s 

population on only 9% of the world’s arable land, the widespread availability of N fertilizer 

has played a premising role for agricultural development and food security (Ma, et al., 2014). 

However, in recent years N application rates in crop production have gone far beyond the 

agronomic and economic optimum, exerting a severe negative environmental impact (Huang, 

et al., 2010; Chen, et al., 2011). Apart from contamination of ground- and surface water, the 

N related massive emission of greenhouse gas (GHG) and consecutive contribution to global 

warming constitute a serious threat to sustainability in crop production. Zhang et al. (2013) 

estimated that about 7% of GHG emissions from the entire Chinese economy is N fertilizer 

related emission, while the contribution of synthetic fertilizer use to total GHG emission in 

EU-15 countries is only about 2% (European Environment Agency, 2014). Agricultural 

production, on one side a major contributor to global warming, is on the other side 

negatively affected by the consequences of climate change (Parry, et al., 2004; IPCC, 2007a), 

with large areas of China being especially endangered (Wang, et al., 2010). 

As China’s granary, the North China Plain (NCP), dominated by the winter wheat (WW) and 

summer maize (SM) double-cropping system, is experiencing the overapplication of N 

fertilizers at an alarming rate (e.g. Chen, et al., 2006b; Cui, et al., 2008; Ma, et al., 2008); e.g. 

Ju et al. (2009) reported a huge discrepancy between farmers’ current N application rate 

(588 kg N ha-1) and actually required N rate under good agricultural practice (286 kg N ha-1). 

The mean N recovery rate, which indicates the share of applied N taken up by the crop, is 

rather low in the NCP with 33% in WW and 30% in SM Huang et al. (2010) compared to 

global N recovery rates of 30 - 50% reported by Smil (1999) and Cassman et al. (2002).  

As such, considerable research efforts are ongoing that aim at identifying potentials to 

reduce N application rates in the NCP. In field experiments a range of research groups 

successfully proved that significant reductions in N fertilization rates and related 

environmental impacts are possible without significant yield reductions (e.g. Chen, et al., 

2006b; Jia, et al., 2014; Meng, et al., 2012). In some first attempts of transferring those 

theoretical findings into crop production practice in the NCP, Huang et al. (2012) and Jia et al. 

(2013) reported limited success of training farmers in improved nitrogen management. Also 

Pan et al. (2014) identified only a marginally (1 to 4%) higher fertilizer use efficiency of 
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Chinese farmers participating in fertilizer management training programs compared with 

non-participating farmers. 

According to Cao et al. (2012) the failure of existing fertilizer recommendation schemes may 

for the major part be caused by an insufficient consideration of spatial and temporal 

variability in N demand and availability. Therefore the application of advanced technology, 

such as chlorophyll meter and GreenSeeker active crop canopy sensor to determine the 

crops’ in-season N requirements are recommended to optimize N management of small 

scale farmers (Cao, et al., 2012). Cui et al. (2008) proved the success of enhanced nitrogen 

management by in-season soil testing. Those two studies show that with the help of 

sophisticated N management schemes it is possible to accurately address the site-specific 

crop production conditions, at least when conducted and closely guided by researchers. 

However, under the given conditions of practical crop production in China such technology 

driven approaches may be inappropriate to successfully cope with the overfertilization issue 

within the next few years. Firstly, implementing N management schemes for more than 200 

million small scale Chinese farmers is very costly (Huang, et al., 2012). Considering the 

existing land fragmentation and soil quality disparity in Chinese crop production (Li, et al., 

2012), the required funds to implement frequent soil and plant N sampling on farm scale or 

even plot scale would exceed the existing extension budgets many times (Xu, et al., 2014; 

Zhang, et al., 2014). Furthermore, the N management schemes to be promoted need to 

build on the existing extension structure. With agricultural extension agents generally having 

a relatively low education level and limited training skills (Ma, et al., 2014), the transfer of 

technologically sophisticated approaches to farmers constitutes a great challenge to the 

existing agricultural extension system (Hu, et al., 2009). 

There is an urgent need to identify approaches, which improve farmers’ N management in 

an efficient and cost-effective way through the existing top-down oriented agricultural 

advisory system of China. Therefore the present study aims at testing the effect of three 

simple fertilizer recommendation strategies on WW and SM production in the NCP. The 

alternative N recommendation strategies are evaluated with regard to their environmental 

effect, represented by the product carbon footprint (PCF), as well as their economic effect, 

represented by the gross margin (GM), on farmers’ WW and SM production. Scenario 

analysis is applied testing the effects of the three strategies under constant, as well as 

decreasing and increasing yield levels. Finally the relative advantages of the tested N 
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fertilizer recommendation strategies are discussed and specific policy recommendations 

developed.  

 

4.2 Materials and methods 

4.2.1 Farm household survey 

The present study builds on a primary survey dataset of 65 farm households from Quzhou 

County in Hebei Province. Quzhou, located in the center of the NCP, is considered a typical 

County of the NCP with regard to its natural and socio-economic conditions; it has been 

frequently used to evaluate the prevailing WW-SM cropping system of the NCP (e.g. Chen, et 

al., 2006a; Hu, et al., 2013; Pan, et al., 2014). The randomly selected households were 

interrogated on their WW and SM crop production using face-to-face interviews. Detailed 

crop management data, i.e. the individual farmer’s input- and output-information as well as 

fertilization management practice during the 2009-2010 WW-SM growing season was 

collected, as shown in Table 4.1. To assess PCF and GM of grain production of the surveyed 

households, GHG emission factor1 (EF) and market price of the respective inputs and outputs 

were obtained from peer-reviewed literatures, the IPCC national inventory, the database of 

the life cycle assessment (LCA) software GaBi 5, national and provincial level statistical 

yearbooks, and other relevant reports provided by government agencies as summarized in 

Table 4.1.  

                                                 
1
 EF is defined as the rate of emission per unit of activity, output or input (IPCC 2007b). 



95 
 

Table 4.1: Average input and output amounts of the 65 WW-SM producing farm households, as well as the respective EFs and market prices used to 

estimate PCF and GM of WW and SM production in the NCP; minimum and maximum values are given in parentheses 

 Unit Input/Output amount Price unit Input/Output price 
a
 EF (kgCO2e kg

-1
) 

 WW SM  WW SM  

Grain yield  (WW: N=2.48 % ; SM: N=1.35 %) 
b
 

kg ha
-1

 6428 (3750-9000) 7317 (5250-9375) USD kg
-1

 0.29 0.27 - 

N from mineral fertilizer  kg N ha
-1

 286 (72-543) 199 (34-473) USD kg N
-1

 0.59 0.58 7.82 (kg CO2e kg N
-1

) 
d
 

P2O5 from mineral fertilizer  kg P2O5 ha
-1

 132 (0-345) 106 (0-690) USD kg P2O5
-1

 0.52 0.72 1.18 (kg CO2e kg P2O5
-1

) 
d
 

K2O from mineral fertilizer  kg K2O ha
-1

 101 (0-338) 93 (0-225) USD kg
-1

 0.62 0.62 0.67 (kg CO2e kg K2O
-1

) 
d
 

Manure  (N=1.03 %) 
e
 kg ha

-1
 1037 (0-7500) 260 (0-3750) USD kg

-1
 0.04  0.04  0.04

 f
 

Seed kg ha
-1

 272 (131-375) 36 (11-53) USD kg
-1

 0.42  2.37 0.19 (WW) 
f
, 0.22 (SM) 

f 

Maize agricultural chemicals unit ha
-1

 - 1 unit USD unit
-1

 - 22.11 18.9 (kg CO2e unit
-1

) 
g 

Wheat agricultural chemicals unit ha
-1

 1 unit - USD unit
-1

 7.2 - 9.1 (kg CO2e unit
-1

) 
g 

Labor hour ha
-1 

242 (90-833)  481 (185-1045) USD hour
-1 

0.8 (0.3-1.5) 0.6 (0.4-1.5) - 

Irrigation
 

MJ ha
-1

 2407 (485-4849) 1262 (331-3086) USD MJ
-1 

0.10
 

0.10 0.31 (kg CO2e MJ
-1

) 
f 

Crop residue 
 
(WW: N=0.54 % ; SM: 

N=0.55 %) 
c
(WW: grain-straw-ratio=1:0.9;

  

SM: grain-straw-ratio=1:1.3) 
h
 

kg ha
-1

 5785 (3375-8100) 9513 (6825-
12188) 

- - - - 

Maize cob threshing  MJ ha
-1 

- 23 USD MJ
-1 - 

0.02 
i 

0.31 (kg CO2e MJ
-1

) 
f 

Agricultural mechanization liter ha
-1

 65 (54-87) 106 (87-147)  USD season
-1 

148 (107-
213) 

139 (21-283) 3.47 (kg CO2e liter
-1

) 
f 

Note: Data without citation are based on the household survey.  
a. mean currency rate in 2010 (1 USD = 6.77 Chinese Yuan) from IMF (2013).   
b. Chen et al. (2006).   
c. Ju et al. (2011).   
d. Patyk et al. (1997).   
e. KTBL (2010).   
f. Eyerer (2006).   
g. Clemens et al. (1995).   
h. Haenel (2010).   
i. HCPB (2010).  
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4.2.2 Product carbon footprint and gross margin 

The amount of GHGs emitted to produce one unit of a particular product is described by its PCF (BSI, 

2008). In the present study, PCF was determined according to ISO 14040 (ISO, 2006) methodology by 

dividing the individual farm’s calculated amount of GHG emission per hectare by its actual grain yield 

per hectare. The applied system boundary of GHG emission from the WW-SM production system in 

the NCP spans from resource extraction to farm gate as shown in Figure 4.1. The functional unit was 

set as one kilogram WW/SM grain. Global warming potentials (GWP) assigned to carbon dioxide 

(CO2), methane (CH4) and nitrous oxide (N2O) emissions were taken from the IPCC guideline for 

national GHG inventories (IPCC, 2006). 

 

Figure 4.1: The system boundary of GHG emissions and PCF defined for the WW and SM production 

systems in the NCP 

The calculation of the household-specific total PCF entailed the pre-farm embedded and on-farm 

GHG emissions. Pre-farm embedded emissions are all GHG emissions released during the production 

process of farm inputs. On-farm GHG emissions include two parts; firstly all GHG emissions from soil 

related to fertilizer input and crop residue handling, and secondly all GHG emissions caused by 

agricultural machinery use and water management. The GHG emissions from soil related to fertilizer 

and crop residues comprise direct and indirect emissions from applied mineral and organic fertilizers 

as well as crop residues. CO2 in the present study was considered as background emission, because 
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the net emission of CO2 caused by decomposition of organic matter and photosynthesis is negligible 

compared to its total cycling amount in agricultural cropping system (Snyder, et al., 2009). Arable 

soils of the NCP are generally considered a light though insignificant sink of CH4 (e.g. Hu, et al., 2013; 

Liu, et al., 2013; Tian, et al., 2013). CH4 was therefore excluded from the calculation of GHG 

emissions in this study. For the calculation of N2O emissions, all N2O related EFs, namely EF of N2O 

emissions per unit of nitrogen input (EF1), EF of N2O emissions from atmospheric deposition (EF4), 

leaching and runoff of nitrogen (EF5) from soil as well as fraction factors of the atmospheric 

deposition of nitrogen volatilized from synthetic fertilizers (FrasGASF), organic materials (FrasGASM) and 

leaching (FrasLEACHING) of added nitrogen from managed soil are based on IPCC (2006) guidelines; a 

detailed description of the GHG calculation methods can be found in Ha et al. (2015).  

Widely applied in agricultural and sustainability research (e.g. Broad, et al., 2009; Khan, et al., 2008; 

Nash, et al., 2013), GM constitutes an important economic profitability indicator (Krause, et al., 2008). 

GM is the difference between sales revenue and variable cost; in research on crop production it is 

generally expressed in monetary value per land use area (USD ha-1). Sales revenue was defined as 

household-specific revenue generated by multiplying grain yield with grain unit price. Variable cost 

was defined as total variable cost over the entire growing season of WW and SM, including expenses 

for seeds, mineral fertilizer, organic manure, irrigation, maize cob threshing, agricultural machinery 

rental for sowing and harvesting, and the transport of harvested goods from the field to the farm 

yard by a household-owned vehicle.  

 

4.2.3 Scenario analysis 

In the following chapter the exact definition and calculation procedure underlying the two types of 

scenarios (N-recommendation and yield change) are described. It should be noted that except for the 

adjustment in nitrogen fertilization amounts and final grain yields, all other management factors (e.g. 

diesel consumption for field work, labor demand for harvest) were kept constant in the analysis over 

all scenarios and combinations of scenarios. 

4.2.3.1 N recommendation scenarios 

The vast majority of farmers in the NCP, and all sampled farmers of the current study, retain the crop 

residues of WW and SM production in the field. Thus in a continuous cropping system only the 

nitrogen removed from the field as part of the grain harvest needs to be replenished to maintain the 

system’s N balance. However, various studies showed that under the production conditions of the 

NCP an unavoidable N loss occurs through nitrate leaching and gaseous N emissions, even under best 
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management practices (e.g. Ju, et al., 2011; Cui, et al., 2010). Due to the climatic condition of the 

NCP with high temperature and rainfall during the maize growing season, N loss during the maize 

season is substantially higher than during the wheat season. In a comprehensive study conducted by 

Liu et al. (2003) the unavoidable N losses under moderate nitrogen input levels (120 to 240 kg N ha-1 

for each crop) accounted for 28% of applied N in wheat, and 41% of applied N in maize. Therefore to 

ensure sufficient N availability during plant growth those unavoidable N losses need to be accounted 

for, when calculating N fertilizer recommendation rates. Furthermore, the N applied through organic 

fertilizer needs to be considered and subtracted from the recommended amount of mineral N.  

Therefore the first of three simple N recommendation strategies, the N loss coefficient strategy (N-

coefficient) is expressed as follows: 

         (N-coefficient)    
      

                       
              (1) 

where the N concentration of grain was fixed according to Chen et al. (2006) at 2.48% for wheat and 

1.35% for maize as shown in Table 4.1; the N concentration of the applied dry chicken manure was 

set at 1.03% according to KTBL (2010).  

The second recommendation strategy is based on a comprehensive study conducted by Ju et al. 

(2011), who assessed numerous long-term field experiments for WW and SM production in the NCP 

(see Chen, et al., 2006; Cui, et al., 2008; Ju, et al., 2009; Liu, et al., 2003; Liu, et al., 2011; Zhao, et al., 

2006). In their study Ju et al. (2011) identified the amount of unavoidable N losses to be 

approximately equal to the amount of N returned to the system by reintegration of crop residues (i.e. 

straw) under moderate N application rate and good agricultural practice. As described above all 

farmers in the current study left the straw in the field, and thus the second simple N fertilizer 

recommendation strategy – the N uptake strategy (N-uptake) – reads as follows: 

         (N-uptake) =                                            (2) 

where the N rates of wheat and maize residues were defined at 0.54% and 0.55%, respectively; N 

levels of organic manure were set same as above. 

A number of Chinese research groups worked intensively on determining optimum nitrogen 

fertilization levels for the dominant WW-SM cropping system of the NCP (e.g. Chuan, et al., 2013; Cui, 

et al., 2010; Liu, et al., 2003; Meng, et al., 2012; Zhu, 2006). With the goal of realizing high yield levels, 

maintaining soil fertility and minimizing environmental pollution various N input intensities ranging 

from 0 to 360 kg ha-1 for each crop were tested over several years and a range of locations in the NCP. 

For the present study the fixed N recommendation rates were set at: 
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         (N-fixed WW) = 176 kg N ha-1            

         (N-fixed SM) = 185 kg N ha-1          
 

which were built on the results of a long-term field experiment conducted in Quzhou County by 

Meng et al. (2012). Again the amount of applied N through organic fertilization (Norganic) was 

subtracted from total N demand to derive the actual amounts of mineral N to be recommended. 

4.2.3.2 Yield change scenarios 

There is strong uncertainty regarding the effect of adjusted N fertilization levels on the potential 

grain yields obtained by the individual farmer. Under the three alternative N recommendation 

strategies, farmers’ individual N rates may increase or decrease significantly compared to the 

baseline scenario. In combination with the individual farm’s specific production conditions (soil and 

weather) and specific other crop management measures (e.g. sowing, irrigation, plant protection) 

the adjusted N levels may result in potential N limitation or N surplus of varying extent (Li, et al., 

2015). 

Furthermore, both – N reduction and N increase – may exert positive or negative effects on yields. As 

such, increasing N rates may help to overcome N limitation induced low yields. However, reducing N 

rates may in contrast lead to yield increases by reducing crops’ susceptibility to pests and diseases 

(Krnijaja, et al., 2015). Furthermore, lowered N rates may reduce excessive development of 

vegetative biomass, which would help to reduce water stress in case of water shortage and 

consequently lead to improved harvest index and yield (Xu, et al., 2013). Thus, to account for the 

inherent uncertainty the scenario analysis follows a straightforward approach assuming yield loss 

and yield decline to apply for all farmers alike, independent of their individual production conditions, 

actual yield levels and overall performance. Hence, a 10% yield loss scenario (Yloss) and a 10% yield 

increase scenario (Yincrease) were introduced, additionally to the assumption of constant yields under 

changed fertilization.   

4.2.3.3 PCF and GM under N fertilization and yield change scenarios 

To assess the potential impact of a full compliance with the three different N recommendation 

strategies and the impact of potential yield developments, the changes in PCF and GM were 

calculated for every individual farmer and each scenario combination as follows: 

                
                            

           

         
 

           

         
 (3) 
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where Yscenario and Ybaseline represent the household specific yield levels in kg ha-1 under changing and 

constant yield scenarios. GHGscenario and GHGbaseline represent the total GHG emissions in kg CO2e ha-1 

under respective N and yield scenario and the baseline conditions. 

Considering the variable production costs being solely affected by the alternative N application 

amount, and the revenue being solely influenced by the respective yield change, the GM change 

formula (4) can be simplified as follows:  

                                                                      (4) 

where Pgrain is grain unit price and PN is nitrogen unit price, which were both kept constant over 

various baseline and scenario conditions.  

 

4.3 Results 

4.3.1 PCF and GM under baseline conditions 

The results of mean PCFs and GMs in WW and SM production presented in Table 4.2 are in line with 

values reported by Brentrup et al. (2004), Kim et al. (2009) and HBS (2011). The results clearly show 

that SM performs relatively better regarding its environmental effect and economic performance 

compared to WW. Furthermore, a huge heterogeneity in PCF and GM was observed among the 65 

sampled WW-SM farm households (Table 4.2). In both WW and SM the PCF of the worst performing 

farm household was ten times higher than the PCF of the best performing farm household. The 

existing heterogeneity in crop production performance constitutes an inevitable challenge when 

implementing improved fertilization strategies in practice. Therefore, it is crucial to assess the PCF 

and GM improvement potential of the alternative simple fertilization strategies in the context of the 

existing diversity in crop management. 

Table 4.2: Mean, minimum and maximum values of PCF and GM in WW-SM cropping system from 65 

WW-SM farm households in the NCP 

 Units Mean Min Max 

WW     

    PCF  kg CO2e kg-1 0.90 0.25 2.61 

    GM  USD ha-1 971.0 65.7 1951.5 

SM     

    PCF  kg CO2e kg-1 0.46 0.17 1.62 

    GM  USD ha-1 1334.4 658.5 1867.7 
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4.3.2 Individual households’ PCF and GM change under scenario conditions 

 

Figure 4.2: Effect of N recommendation strategies (N coefficient, N uptake and N fixed rate) and yield 

change scenarios (10% yield loss, constant and 10% yield increase) on PCF and GM. Positive change 

(+) refers to higher GM and PCF, while negative change (-) refers to lower GM and PCF. Each 
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individual household is presented by a dot; share of all households’ per quadrant is presented by the 

respective percentage number 

The effects of the alternative N fertilization strategies and the potential yield changes experienced by 

every individual farm household in WW and SM production are displayed in Figure 4.2. PCF reduction 

and GM increase are valued as the intended positive effects of the implementation of fertilization 

strategies. Thus the upper left quadrant represents a purely positive development of the respective 

farm, while the lower right quadrant represents a purely negative development, both in economic 

and environmental terms. Under the constant yield scenario all data points are rather linearly aligned 

and concentrate solely on the lower right and upper left quadrants of the graphs for all three 

fertilization scenarios and both crops. This reveals that the adjusted N amounts according to the 

three N scenarios’ conditions always led to lower PCF and higher GM in case of N reduction or a 

reversed change under N increase. Furthermore under constant yield the share of households 

realizing an improved PCF and GM (win-win situation) were highest under N fixed rate strategy for 

WW and under N coefficient strategy for SM. 

Under the yield loss conditions the majority of farmers are located in the graphs’ lower left 

quadrants in both crops realizing PCF reduction while GM reduced at the same time. For those 

farmers the reduction in GHG emission due to saved amount of fertilizer overcompensated the slight 

increase in PCF caused by the yield loss. However, saved fertilizer costs did not overcompensate the 

financial losses due to the reduction in sales revenues. Some households located in the upper left 

quadrants realized the simultaneous improvement of PCF and GM even under the yield loss scenario 

conditions, as their avoided fertilizer cost overcompensated the sales revenue decrease. Those 

households initially featured very high N rates under baseline conditions; in WW the share of such 

households was significantly higher (9 - 14%) than in SM production (0 - 2%) over the three N 

scenarios, indicating a higher tendency of overfertilization in WW compared to SM. Under yield loss 

condition a certain share of farmers are located in the lower right quadrant, suffering increased PCF 

at reduced GM. Those farmers featured the lowest N fertilizer levels under baseline conditions, 

increasing their N inputs under the respective N scenarios. Under yield loss the N uptake strategy 

realized the highest share of win-win farmers in WW (14%), while the N coefficient and N uptake 

strategies are with 2% win-win share in SM. Similar, with regard to the lowest number of lose-lose 

farmers under yield loss the N fixed rate and N coefficient performed best for WW (17%) and the N 

coefficient for SM (37%). 

Under the yield increase scenario farmers with increased N rates compared to baseline conditions 

are found in the upper right quadrant increasing their PCFs at increased GMs. However, most 

farmers achieved a simultaneous improvement of PCF and GM under the yield increase scenario, 
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with the N fixed rate realizing the highest share of win-win for both crops (94% in WW; 69% in SM). 

The stronger spreading of dots under the yield change scenarios compared to constant yield is 

caused by the difference in baseline conditions regarding the individual farmers N input to yield ratio. 

This results in differences among farmers regarding the contribution of N to their total PCF and GM. 

 

4.3.3 Average PCF and GM change under scenario conditions 

The impact of the three tested N fertilization strategies on farmers’ PCF and GM under potential yield 

change was evaluated with regard to the average improvement in PCF and GM over all farmers 

(Table 4.3). Under constant yield the N fixed rate scenario enabled the highest mean PCF reduction 

and GM increase in WW production. Under the WW yield loss scenario, N uptake realized the best 

average PCF and GM results, while N fixed rate realized the best results in the WW yield increase 

scenario. The major reason that the N fixed fertilization is the best choice under yield increase 

scenario is that the applied amount of N is kept constant independent of the expected yield, while in 

the other two N fertilizer scenarios the applied amount of N is calculated dynamically. For SM 

production the N coefficient scenario yielded the highest mean PCF reduction and GM increase. 

Moreover, N coefficient was the best option in both yield loss and increase scenarios in SM, with 

highest improvement potentials in environmental and economic aspects.  

Table 4.3: Average PCF reduction and GM increase with respective standard deviations (SD) of WW 

and SM production under the three yield and three N fertilization scenarios compared to baseline 

conditions; percentage changes to average PCF and GM under baseline conditions given in brackets 

 PCF reduction (kg CO2e kg
-1

) GM increase ($ ha
-1

) 

 N coefficient N uptake N fixed rate N 
coefficient 

N uptake N fixed rate 

WW:       

yield loss 0.169±0.273 
(19%) 

0.236±0.273 
(26 %) 

0.209±0.232 
(23 %) 

-126.0±82.6 
(-13 %) 

-109.7±80.4 
(-11 %) 

-112.3±68.6 
(-12 %) 

yield 
constant 

0.192±0.276 
(21 %) 

0.259±0.276 
(29 %) 

0.277±0.237 
(31 %) 

44.2±63.7 
(5 %) 

62.4±62.3 
(6 %) 

71.0±56.9 
(7 %) 

yield 
increase 

0.210±0.278 
(23 %) 

0.278±0.278 
(31 %) 

0.332±0.241 
(37 %) 

214.4±56.7 
(22 %) 

234.4±56.9 
(24 %) 

254.3±63.1 
(26 %) 

SM:       

yield loss 0.053±0.191 
(10 %) 

-0.037±0.191 
(-7 %) 

-0.022±0.192 
(-4 %) 

-167.4±62.1 
(-13 %) 

-193.4±63.5 
(-15 %) 

-187.4±58.4 
(-14 %) 

yield 
constant 

0.069±0.191 
(13 %) 

-0.026±0.191 
(-5 %) 

0.029±0.191 
(5%) 

20.3±57.3 
(2 %) 

-8.8±56.8 
(-1 %) 

10.0±58.2 
(1 %) 

yield 
increase 

0.081±0.192 
(15 %) 

-0.010±0.192 
(-2 %) 

0.078±0.190 
(14 %) 

207.6±60.6 
(16 %) 

175.8±59.2 
(13 %) 

207.1±66.6 
(16 %) 

 

When comparing the relative improvement potentials of the different N scenarios in PCF with the 

improvement potentials in GM under constant yield a strong difference can be observed for both 
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crops. While the mean PCF reduction potentials in WW range from 21% to 31%, the potential GM 

increases only reach from 5% to 7%. For SM the effects are generally smaller with 13% to -5% in PCF 

and 2% to -1% in GM.  

Over all scenario combinations the PCF reduction potential is much higher in WW compared to SM, 

both in absolute and relative terms. The differences are mainly caused by the comparatively stronger 

over-fertilization in WW compared to SM, both with regard to quantity of farmers and amount of 

fertilizer per farmer. The differences between WW and SM are generally much stronger in PCF 

change compared to GM change; e.g. under the yield constant scenario the PCF reduction over all N 

scenarios is around 26% in WW vs. 4% in SM, while the difference in GM change is rather marginal 

with around 6% (WW) vs. 1% (SM). Assessing the impact of the yield scenarios over all N scenarios 

reveals that yield change has a much stronger impact on GM than on PCF, even under the N fixed 

rate scenario. 

 

4.4 Overall comparative advantage of alternative N strategies 

In WW production all tested fertilizer recommendation strategies achieved significant improvements 

with regard to PCF reduction. Under the assumption of constant yield and yield increase, the N fixed 

rate strategy yielded the best PCF and GM results in WW production, with highest improvements in 

both the number of farmers and the average values over all farmers. Solely the number of farmers 

experiencing a win-win situation in WW under yield loss was slightly higher in the N uptake 

compared to the N fixed treatment (14% vs. 9%). For SM the N coefficient treatment resulted in the 

best performance over all yield levels, realizing the highest average PCF reductions and average GM 

increases, as well as highest share of farmers improving their performance. The reason for the 

difference in excellence of the N strategies between WW and SM mainly lays in the different rate of 

overfertilization and respective yield levels between the two crops. Substantial differences in farmers’ 

performance between WW and SM production in the NCP were also identified by Liang et al. (2011). 

It is furthermore important to consider the likelihood of the different yield scenarios to occur under 

the three alternative N strategies. Assuming that N limitation constitutes a more likely yield 

constraint compared to N surplus, there is generally a higher probability of yield increase under the N 

strategy leading to higher N rates compared to the strategy leading to lower N rates. Conversely the 

strategy leading to comparatively lower N rates is more likely to cause yield losses. As such, the 

likelihood for the yield loss and the yield increase scenario is both lowest under the N-fixed strategy. 

Compared to the N-uptake and the N-coefficient strategies, which adjust the recommended N 

amounts to the expected yield levels, the N-fixed strategy is static, and always recommends the same 
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N amounts. Thus, for the overall interpretation of results, it needs to be noted, that the positive 

results of the N fixed strategy occur with a slightly lower probability in the yield loss and yield 

increase scenarios compared with the other two N strategies. 

However, as highlighted in section 4.2.3.2, the applied amount of N is not always positively 

correlated with yield. Considering that local average N rates are far beyond potential plant N uptake 

and respective optimal N rates for maximum yield (Hartmann, et al., 2015), also negative correlations 

may occur. As such, yield declines caused by excessive N rates are shown for the NCP by Yin et al. 

(2014) and Zhang et al. (2015). Moreover, potential yield increases due to adjusted N management 

and respective reduced N input are reported by e.g. Cui et al. (2010b), Hartmann et al. (2015) and Liu 

et al. (2011). Here, the potential effect of increasing farmers’ awareness regarding other feasable 

improvements of crop management may additionally excert an indirect positive effect on yields, as 

well as environmental impact and economic performance. 

When judging the relative advantageousness of the three promising strategies to be applied at 

regional scale, two additional important points need to be considered. Firstly, the heterogeneity in 

natural production conditions, i.e. heterogeneity in soil quality and climate will increase with 

increasing spatial scale; therefore the N coefficient strategy seems more appropriate, as it is able to 

better address differences in natural yield potentials. Secondly, the ease of implementation needs to 

be considered; the N fixed rate obviously constitutes the simplest approach, most easily explainable 

by extension agents and most easily understandable by farmers. Thus the N fixed rate will naturally 

be associated with the lowest transaction costs (Bakam, et al., 2012). 

Apart from evaluating the relative excellence of the specific N recommendation strategies, the 

presented study generated additional important findings. It was revealed that saving fertilizer as a 

result of improved N fertilization strategy reduced farmers’ PCF significantly, while it had no 

significant effect on farmers’ GM under the assumption of constant yield. In contrary a potential 

yield loss had a significant effect on GM, but only a marginal effect on PCF. This discrepancy between 

PCF and GM improvement potentials highlights the opportunities and challenges related to reducing 

the environmental impact of fertilizer use in practice. By overapplying fertilizer farmers generally try 

to protect themselves against the uncertainty related to crops’ actual fertilizer demand, which is 

influenced by the (uncertain) growing conditions and related nutrient availability (Babcock, et al., 

1994). As Chinese farmers have been supplied with artificially low priced fertilizers for the last two 

decades (Li, et al., 2014), there is strong evidence that the excessive N rates act as a “cheap form of 

insurance” against N limitation induced yield losses (Below, et al., 2001). 
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4.5. Conclusions and recommendations 

With excessive nitrogen fertilization by Chinese farmers exerting a significant impact on global 

warming, and the ongoing, yet insufficiently successful, attempts to reduce farmers’ overuse of N, 

the current study tests the effect of three simple N fertilization recommendation strategies on the 

environmental (PCF) and economic (GM) performance of 65 wheat and maize producers in the NCP. 

All three strategies result in an improvement in environmental terms compared to baseline 

conditions. Among the alternatives, the N fixed rate strategy realized the highest improvement 

potential in PCF and GM in WW under constant and changing yield levels. However, it needs to be 

noted, that both yield change scenarios (+/- 10%) are less likely to occur under the N fixed strategy 

compared to the other two N strategies. In SM, the N coefficient strategy performed best. Comparing 

WW and SM production, improvement potentials are much stronger in WW production, which 

obviously receives more excessive N rates compared to SM under actual production conditions. 

It was furthermore revealed that improved N management, as tested by the three strategies, has a 

significantly positive effect on PCF, but only a marginal and insignificant effect on GM. On the other 

side, a potential 10% yield loss would have only a slightly negative effect on PCF, but a detrimental 

effect on farmers’ income. With farmers currently applying excessive N rates as “cheap insurance” 

against potential N limitation, it will be of vital importance to avoid any yield reductions (caused by N 

limitation) and respective severe financial losses, when promoting and implementing advanced 

fertilization strategies among farmers. 

Therefore, to realize a successful implementation of the recommended N strategies in practice and 

overcome the excessive fertilizer use and respective environmental pollution, several challenges 

need to be faced. Fertilizer in China is obviously too cheap. Apart from stopping the indirect 

subsidization of fertilizer (Ma, et al., 2014), N fertilizer may be taxed, which proved an efficient 

(Berntsen, et al., 2003) and cost-effective (Hartmann, et al., 2008) measure in realizing a reduction of 

farmers’ N rates in other parts of the world. Additionally, crop specific maximum N rates may be 

enacted through strict and effective enforcement mechanisms, e.g. a cross-compliance system 

(Herzog, et al., 2008). Moreover, an improvement of the public extension system is required with 

regard to its institutional capability and motivation of advisors to actually reduce excessive N use by 

farmers, without harming their incomes. 

Research inevitably needs to support this process. Up to now, most of the ongoing research efforts 

fall short of developing promising and applicable solutions to overcome farmers’ overfertilization. 

Real inter- and transdisciplinary solution-oriented research is required, which considers the farmer, 

his fertilizer related decision making process, and related risk-attitude as the key factor in this issue. 
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Chapter 5 

General discussion and outlook 

The present PhD-study aimed at assessing the environmental and economic performance of farmers’ 

crop production in the NCP to derive important information for supporting a more sustainable 

agricultural production in the region. For this purpose, five specific objectives were defined (see 

chapter 1.4.2) and the results presented in the form of three journal articles, which constitute the 

chapters 2, 3 and 4 in the current thesis. The single chapters’ methodological approach and results 

are discussed individually as part of each single journal paper, which provide important information 

for readers and can be read independently. Thus, the aim of the general discussion is not to discuss 

the three single chapters in succession again, but provide a broader perspective of the applied 

environmental and economic assessment methodologies and highlight future research demand as 

well as policy emphasis with special regard to the NCP. 

 

5.1 Methodological discussion 

5.1.1 Strength and limitations of the primary data 

For the present PhD-study detailed production data were collected via face-to-face interview 

conducted by the author of the thesis and previously trained enumerators. The 22 page quantitative 

standardized questionnaire was developed over several steps, including pre-testing and consecutive 

adjustment of question order and refinement of specific phrasing. The final data collected constitutes 

a unique set of detailed crop management information of wheat and maize production in the NCP. As 

such it contains valuable information on farmers’ exact machinery use for various production 

processes, as well as explicit information on all material inputs regarding their exact types and 

amounts. Certain price information was additionally collected by key-expert interviews. 

5.1.1.1 Lack of specific data 

Still, specific data desirable for an ideal PCF accounting could not be collected by farm household 

interviews. First of all, farmers could not clearly state how much diesel they used for the specific crop 

management steps, e.g. ploughing, sowing, harvesting. Therefore assumptions had to be made based 

on standard values obtained from secondary sources, i.e. expert interview, HBS (2011) and HCPB 

(2010), which is common practice in survey and literature based carbon footprint studies, e.g. Niero 
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et al. (2015), Cheng et al. (2011), Yan et al. (2015), Xu et al. (2013). As the farmers’ actual energy 

consumptions for the specific working steps might vary slightly due to differences in machinery 

endowment, e.g. power, working width, and differences in soil conditions, this lack of specific data 

constitutes a first minor limitation with regard to accuracy. 

Furthermore, no bio-physical measurements related to soil, crops and GHG emissions were 

conducted, as this was not in the scope of the present study. As such, the individual farmers’ fields’ 

overall nutrient status and indigenous N supply from soil could not be considered when determining 

emission rates in all chapters as well as determining the optimum amount of mineral N fertilizer in 

the alternative fertilization scenarios in chapter 4. Even though Chuan et al. (2013) and Cui et al. 

(2008) note the importance of considering indigenous N supply from soil when defining optimum 

fertilization rates, commonly high indigenous N supply rates can be assumed for Chinese production 

conditions based on the high fertilizer supply rates. Furthermore it was assumed that farmers 

adopting suitable fertilizer recommendation strategies, as proclaimed in chapter 4, will practice them 

over many consecutive growing seasons and thus establish a stable soil nutrient balance. Therefore 

any potential effects of differences in the initial year’s soil nutrient status are considered negligible 

for the study’s overall results and conclusions. 

With regard to crop characteristics two simplifications were necessary due to lack of farmers’ 

knowledge and measured data. Firstly, farmers could only state their exact grain yield, while no 

detailed information was available on the amount of side products and plant residues, especially 

straw. Therefore default grain-straw-ratio from literature was integrated with household-specific 

yield data to obtain the respective values. Secondly, the N concentrations of individual farmers’ grain 

and straw could not be measured; instead default values were adopted from literature, i.e. Chen et al. 

(2006) and Ju et al. (2011), for the analysis applied in chapter 4. 

As this study focused on the environmental and economic assessment of crop production, the survey 

questionnaire concentrated on the information directly related to crop production. Specific data on 

household characteristics, e.g., age, gender, education level, were not collected during the survey. In 

chapter 3 the causative input factors of GHG emission and LCC were determined, focusing on the 

crop production related parameters, e.g. irrigation, fertilization, labor input. However, it would have 

been highly interesting to additionally identify the household characteristic related factors, 

determining the farm’s environmental and economic performance. It would not have constituted 

significantly increased investments of time and effort to collect the household characteristics related 

information at the beginning of each face-to-face farmer interview. Especially with regard to 

potential policy recommendations, the consideration of such socio-economic factors in the 

regression analysis of chapter 3 may have created additional value. 
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Finally, the rather high number of farm household questionnaires to be excluded from the final 

analysis, due to insufficient and inconsistent data, needs to be noted. The vastness of required 

information to be obtained on farm level, and the consecutive long duration of the face-to-face 

interviews, obviously constituted a major obstacle to obtain the information in desired quantity and 

quality from every conducted interview. As the financial and institutional support for the farm survey 

were limited, a further extension of the already intensive training of enumerators before the actual 

farm survey was unfeasable. Additionally, the means of motivation of both enumerators and 

interviewees were limited, as only small allowances could be allocated to both sides. Raising 

sufficient financial resources or finding strong insitutional support is therefore recommended for 

future farm household surveys in the region.  

5.1.1.2 Farm household sample size 

Another potential limitation of the presented study can be identified with regard to the limited 

number of 99 (respectively 65) surveyed farm households. As in any field survey the necessary 

sampling size needs to be determined considering the survey’s objectives, necessary accuracy and 

precision, as well as involved costs (Israel, 2009). Keeping in mind the limited financial and human 

resources available for the present study, decisions needed to be made with regard to the inherent 

trade-off between the necessary detail of information and the maximum possible sampling size 

(Mutsaers, et al., 1991). To realize the objectives of this dissertation (chapter 1.4.2), it was 

indispensable to obtain individual farm’s crop management information at the required detail. Thus 

no concessions were made with regard to the extent of the questionnaire, resulting in the maximum 

possible sample size of 65 farm households. 

The sampling size of the present study can be considered sufficient due to several points. Firstly, the 

study deals with a specific cropping system: the WW-SM double cropping system. Comparable 

studies that focus on GHG issues of specific cropping systems manage with similar sampling sizes; e.g. 

Haverkort et al. (2014) built on detailed interviews with 71 potato growers, while the data set of 

Yousefi et al. (2014) comprises production data collected from 50 sugar beet farmers. Also other 

studies focusing on the development of detailed LCIs of specific agricultural products are based on 

rather small though detailed samples, e.g. Mohammadi et al. (2014) (N=72) and Veysset et al. (2014) 

(N=59). In comparison, studies dealing with complex and potentially heterogeneous production 

systems like dairy production, commonly build on much larger farm samples. The data for such 

studies are generally not collected by face-to-face interview, but the studies either build on existing 

farm accountancy data bases (e.g. Bakam, et al., 2012; Singerman, et al., 2012) or employ data 

collection by mail or electronic survey (e.g. Glenk, et al., 2014; O’Brien, et al., 2014). Both use of 
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existing farm accountancy data and electronic survey were no options for the present study, due to 

unavailability and unfeasibility under the rural Chinese context, respectively. 

Secondly, the study region under investigation - the NCP - is a comparatively homogenous 

geographical as well as socio-economic region. Other studies investigating GHG emissions and 

mitigation under rather heterogeneous production conditions on very large scale, e.g. Wiedemann et 

al. (2015) for Australian red meat production, or Bellarby et al. (2014) for crop farming in Kenya and 

Ethiopia, require much larger farm samples to ensure sufficient representativeness with regard to 

their studies’ scopes. For the present study, Quzhou County was purposefully selected as a 

representative County of the NCP, with more than 80% of arable land being cultivated with WW-SM 

double cropping system (QCG, 2011), while four villages within Quzhou County were selected 

randomly for household survey. Finally WW-SM producing farm households to be interviewed were 

selected randomly from village household lists. In that way, representativeness of the sample for 

Quzhou County’s WW-SM producing farm households, as well as certain representativeness for WW-

SM production in the NCP was assured.  

It ultimately needs to be considered that another factor limiting sampling size and extent of 

household survey is the notable challenge for members of foreign research institutions to receive the 

necessary support by local authorities to conduct survey based research in rural China (Siew, et al., 

2014). Nevertheless, the present study’s sampling size is sufficient with regard to the studies’ scope, 

which is also supported by the fact that no reviewer of the three submitted manuscripts commented 

critically on the sampling size of the respective studies. 

 

5.1.2 Strength and limitations related to LCA and PCF methodologies 

LCA is a very useful approach for comprehensively determining and understanding the overall 

environmental impact of products or processes. With the awareness for sustainability increasing, 

there is a growing demand for a profound scientific appraisal regarding the role of humans and their 

consumption patterns in climate change (via PCF), as well as their negative impacts on the 

environment (Thorn, et al., 2011). As elaborated in more detail in chapter 2, PCF applied within a LCA 

framework can provide essential information to nations, consumers and producers. 

5.1.2.1 Cradle-to-grave vs. cradle-to-gate approach 

LCA generally aims to provide information on a product’s environmental impact over its entire life 

cycle. As such a cradle-to-grave approach is often applied including the product’s use phase. 

However, this involves a huge uncertainty, as a vast range of potential uses and ultimate disposal of 
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the respective products may occur. In the case of the investigated wheat and maize grain, the use-

phase may range from direct local food consumption, to livestock feeding and bio-energy use. As the 

study’s major goal was to deliver useful information on the producer side a cradle-to-gate approach 

was applied instead, which excludes the products use-phase, ending at the producers’ gate. Thorn et 

al. (2011) argue that the assessment of cradle-to-gate emissions may result in more representative 

and reliable results. Cradle-to-gate LCAs are especially useful for determining, which producers act 

effectively and why they do so. Producers can be informed on the contributions of various 

production activities to their total PCF, which can help them to control and improve their own 

actions. Additionally they may exert certain influence to the supply side with regard to reducing input 

related GHG emissions (Matthews, et al., 2008). 

5.1.2.2 Sources and types of uncertainty in LCA and PCF 

Any LCA study needs to build on secondary data sources to a certain extent (Reap, et al., 2008a). It is 

factually impossible to measure all desirable data by oneself; for the present study the lack of specific 

primary data was described above. As a consequence a specific degree of uncertainty exists for the 

present and all other LCA studies, which affects the reliability of LCA results. In general uncertainty 

arises from the lack of knowledge of the quantitative value of specific factors as well as from the 

variability of factors caused by spatial and temporal heterogeneity (Björklund, 2002).  

Compared to nationwide or regional LCA studies that aim at determining a specific product’s or 

processes’ environmental impact on large scale (Reap, et al., 2008b), the present study faces a 

reduced degree of uncertainty. Building on the detailed information of crop cultivation provided by 

the individual farmer all input and output factors are determined specifically for the individual farm, 

and potential uncertainties related to variability caused by spatial and temporal heterogeneity are 

limited to soil and machinery endowment, as described above. However, specific uncertainties 

related to the PCFs of WW and SM exist which mainly arise from the estimation of input related 

emissions and on-field emissions. 

With regard to the GHG emissions attributed to the provisioning of material inputs differing 

assumptions and calculation pathways can be applied, which result in different types of uncertainty. 

Diverting options for calculating total GHG emissions per unit of input product are illustrated at the 

example of nitrogen fertilizer in Table 5.1. 
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Table 5.1: Potential sources of uncertainty related to the estimation of GHG emissions accounted to 

the provision of N fertilizer 

Types of uncertainty Source of uncertainty 

Uncertainty due to choices Specific fertilizer types applied (Urea, DAP, others) vs. 

(aggregated) pure N of applied N fertilizers 

Temporal and spatial variability, 

data inaccuracy, data gaps 

Energy demand to produce one unit of fertilizer or pure N 

(MJ kg-1) 

Temporal and spatial variability, 

data inaccuracy, data gaps 

Energy mix used to produce one unit of fertilizer or pure N 

(% of coal, gas, oil, etc) 

Temporal and spatial variability, 

data inaccuracy, data gaps 

EFs attributed to the use of specific energy sources to 

produce one unit of fertilizer or pure N (CO2e unit-1 energy) 

 

In the case of N fertilizer uncertainties may potentially evolve at four stages, encompassing four 

types of uncertainty described in Table 5.1. Additionally minor uncertainties might be detected 

regarding emissions related to packaging, storage and distribution of material inputs for crop 

production. To quantify uncertainty in LCA several methodological options exist, like sensitivity 

analysis, scenario analysis and uncertainty analysis mainly building on Bayesian statistics (e.g. 

Peterson, 1997) or Monte Carlo simulations (e.g. Röös, et al., 2010).  

As the issue of uncertainty was not in the scope of the three prepared publications of the present 

study, the related issues were for the greatest part avoided by building on unspecific EFs for various 

inputs provided by LCA databases, mainly Gabi database (PE International, 2010). Nowadays 

comprehensive LCA databases like Gabi (PE International, 2010) or Ecoinvent (Weidema, et al., 2013) 

are established and maintained according to international standards; they are updated frequently, 

and clearly take the above described inherent uncertainties into account (Thorn, et al., 2011). To 

additionally reduce uncertainty localized EFs were employed in the present study whenever available 

and appropriate. However, to highlight the potential impact that the uncertainty inherent in all LCA 

studies might have on specific results of the present study, the uncertainty of fertilizer related N2O 

emissions is described in detail in the following subchapter. 

5.1.2.3 Example of uncertainty – N2O emissions related to N fertilizer input 

The N fertilizer related on-field N2O emissions were selected for highlighting uncertainty, as they 

entail both, a high contribution to the overall PCF of WW and SM production and a high level of 

uncertainty. The EF for direct N2O emission from mineral fertilizer is potentially affected by the N 

application rate and soil uptake capacity (Bouwman, et al., 2002), by soil texture (Gao, 2011), by 

application timing and technique (Snyder, et al., 2009) as well as by ambient temperature, humidity 

and precipitation (Lu, et al., 2006).  
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In literature, the relationship between N2O emissions and N application rate has been the subject of 

a considerable scientific assessment and debate (Wang, et al., 2014; Chen, et al., 2008; Kim, et al., 

2013). Early reports including the IPCC methodology suggested a linear relationship between N input 

and direct N2O emissions for any global crop production systems (e.g. Bouwman, et al., 2002; IPCC, 

2006, Dobbie, 1999), while several research groups argue that using the IPCC (2006) default values 

may under- or over-estimate the direct N2O emissions from croplands in China (Edwards-Jones, et al., 

2008; Zheng, et al., 2004). A growing body of evidence indicates a nonlinear response of direct N2O 

emissions to N application rates, indicating a proportionally higher increase in N2O emissions at N 

application rates above the optimal rate demanded (and finally consumed) by the crop (Wang, et al., 

2014, McSwiney, et al., 2005; Hoben, et al., 2011). 

Figure 5.1 displays the differences in N2O emission response to increasing N input derived from four 

different credible references. Those include the globally applicable standards from IPCC tier 1 (IPCC, 

2006), the calculations based on the N2O quadratic model for upland crops generated by Shcherbak 

et al. (2014), as well as two localized emission factors derived from GHG emission measurements 

from WW-SM field experiments conducted in the NCP by Hu (2011), and by Liu et al. (2012). Liu et al. 

(2012) derived diverting EFs for WW and SM, while all other assume the same EFs for both crops. 

It can be seen that the localized EFs from Hu (2011) and Liu et al. (2012) are generally much lower 

compared to the globally applicable ones, with the emissions assumed by Liu et al. (2012) for WW 

being by far the lowest. Especially for rates above 200 kg N ha-1 the exponentially increasing EFs 

derived from Shcherbak et al. (2014) result in much higher N2O emissions compared to all others, 

which assume a linear relationship. This clearly illustrates that the selection of alternative EFs of N 

fertilizer related N2O emissions may significantly influence the estimation of overall GHG emissions 

from WW and SM production, and their respective PCFs. 
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Figure 5.1: Differences in N2O emission response to increasing N input rate based on four different 

N2O emission calculation methods for WW and SM production 

5.1.2.4 Limitations of PCF as an overall environmental sustainability indicator 

An important question that spans over all three journal papers and the entire thesis is, in how far the 

PCF serves as a good indicator or at least proxy for the overall environmental sustainability of wheat 

and maize production (Figure 5.2). Apart from the impact on global warming, crop production also 

exerts a (negative) environmental impact with regard to e.g. eutrophication, acidification, ozone 

depletion, resource depletion and others. It would have been beyond the scope of the present study 

to assess the overall environmental impact, as this would require a huge range of additional data and 

modeling work, and would additionally evoke the issue of weighting of different indicators (Ahlroth, 

2014). However, the existing literature was reviewed with regard to studies conducting overall 

environmental assessments of different products and processes, as presented in the following. 
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Figure 5.2: The role of PCF within the context of environmental sustainability assessment and 

respective indicators (adjusted from: Laurent, et al., 2012) 

Generally, the review shows that PCF has certain potential to serve as a proxy for overall 

environmental impact. However, the validity differs among products and indicators. Berger et al. 

(2011) conducted a comparative LCA study of major industrial raw materials showing significant 

positive correlations of their GWP with other sustainability indicators, namely primary energy 

consumption, abiotic depletion potential, eutrophication potential (EP), acidification potential (AP) 

and photochemical ozone creation potential. Laurent et al. (2012) applied a total of 14 

environmental indicators on about 4000 different products, technologies and services and found 

similar positive correlations of PCF with resource related indicators. However, PCF was even 

negatively correlated with some other environmental impact factors, notably those related to 

emissions of toxic substances. 

For agricultural production most studies concentrated on a limited number of indicators. Goglio et al. 

(2012) identified a positive correlation of PCF, AP and EP in alternative bio-energy production 

systems in Italy. Similar positive correlations of PCF and other environmental indicators were 

identified for major crops under conventional production in the UK by Williams et al. (2010). 

However, when comparing different production systems with each other such positive correlations 

of PCF and other environmental indicators could not be found, indicating a certain limitation of PCF 

as overall sustainability indicator. Comparing organically and conventionally produced crops, 

Williams et al. (2010) showed a slightly higher PCF and AP, at a much higher EP for organically 

compared to conventionally produced grain. Similar results were obtained by Griffing et al. (2014), 

who assessed mineral vs. organic fertilizer in corn-soybean rotations in the USA. Grain produced with 

organic fertilizer featured a lower abiotic depletion potential, about equal EP and slightly higher PCF 

as well as higher AP compared to grain produced with synthetic fertilizer. 
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Such differences and potentially negative correlations between PCF and other sustainability 

indicators were also recognized for alternative production chains by Renouf et al. (2013), who 

determined trade-offs between PCF, land use and water use in the Australian sugarcane agro-

industry. Likewise for the Australian tomato industry Page et al. (2012) identified trade-offs between 

water footprint and carbon footprint; while in modern greenhouses water footprints were minimal 

and carbon footprints were high, in open field production water footprints were high and carbon 

footprints comparatively low. 

The production system investigated in the present PhD-study comprised the conventional WW-SM 

double cropping system of the NCP. The system neither varies strongly with regard to production 

type (conventional vs. organic; open field vs. greenhouse) nor technology level (high-tech vs. low-

tech). Therefore there is certain evidence that PCF can serve as a good proxy for overall 

environmental sustainability of WW and SM production. This holds especially true with regard to AP 

and EP, as illustrated by the correlations found by other research groups described above. Significant 

differences among producers regarding input intensity, yield level and related resource use efficiency 

were observed in the current study’s analyses (see chapter 2-4). Still, any technological or 

management related improvement of crop production that leads to improved resource use efficiency 

should at the same time lead to improvements in most environmental sustainability indicators, as 

also identified by Win et al. (2013) for the positive effect of advanced irrigation technology on PCF 

and water use efficiency in rice production. 

5.1.2.5 Limitations related to the economic analysis 

In this study, GM was calculated as the difference between sales revenue and variable cost. Sales 

revenue change was assumed to be solely affected by yield change, while variable cost change was 

solely considered through changes in input amounts. Indirect economic effects, e.g. price effects, 

labor demand, and transaction costs are not included, although the income change caused by 

attending improved N fertilization strategies are likely to affect all of those factors (Antle, et al., 2001; 

Neufeldt, et al., 2008). The specific points are discussed in more detail below.  

Despite considerable agricultural commodity price fluctuation and increasing trade liberalization 

after China’s joining the World Trade Organization (WTO) in 2001, domestic grain market price was 

shielded from the volatility of the international market and the price fluctuation for output grain 

price is limited (Lu, et al., 2011). This price stability can furthermore be partly attributed to the 

structure of China’s agricultural production. This aims at guaranteeing the supply of grain products as 

part of China’s food-security policies, which additionally smoothed domestic grain prices (Chen, 

2009). Looking at the individual household level, survey data revealed strong differences among farm 
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households regarding their responsiveness to price fluctuation and market signals. Compared to high 

income and profit-oriented households, the low income households showed a lower response with 

regard to production, i.e. by shifting cropping patterns and adjusting the household’s consumption-

side expenditures compared to high income and profit-oriented households (Huang, et al., 2003). 

Moreover, as described in chapter 2, households with poorest economic performance – both in WW 

and SM production – achieved lowest yield level. This indicates that low-income households need to 

improve their productivity to increasingly benefit from higher output prices and improved market 

participation.  

With regard to farm household income, changes in the share of off-farm income and farm labor 

mobility can be observed in China over the last decades. In this respect, increasing variability, risk, 

and uncertainty associated with farm income are major triggers of increasing labor mobility and off-

farm employment (Barlett, 1991). However, households’ income status has difference response to 

the opportunity of off-farm activities. Survey data presented that high households seek migrant jobs 

more frequently for additional income, while only rare poor households do (Lu, et al., 2011). Farm 

household income change and expectation also affect the decision-making regarding the adoption of 

new technology, since purchasing advanced agricultural technology often requires certain financial 

investment. As such, farmers with higher income show a higher probability of adopting advanced 

irrigation technology (Zhou, et al., 2008a). Notably, Koundouri et al. (2006) argued that farm 

households have higher motivation to adopt new risk mitigating technologies under the future 

scenario of input uncertainty and income risk. 

Uncertainty exists not only with regard to input availability (e.g. rainfall, sunshine) and sales price 

developments, but also regarding transaction costs related to grain trading as well as designing and 

enforcing environmental protection measures (e.g. GHG mitigation strategies tested in chapter 4). 

Despite slightly different definitions of transaction cost, e.g. by Mullins et al. (1997) and Furubotn et 

al. (1997), transaction costs typically include search costs, negotiation costs, measurement costs, 

monitoring costs, enforcement costs and insurance costs (Dudek, et al., 1996). According to the 

definition from Stavins (1995), traditionally high transaction costs exist inside China despite the large 

improvement in agricultural markets integration achieved over the last decades. Rozelle et al. (2000) 

stated that the cost of moving bulk commodities in China was nearly five times as great as in the USA 

during the late 1990s. In addition, small scale farm households often are typically less integrated in 

both input and output markets, and lack access to financial markets and services compared to large-

scaled or state-owned farm (Lybbert, et al., 2012). Largely dominated by small scaled farm 

households, crop production in the NCP is facing rather high transaction costs with farm households 

having limited capacity enforce their interests on the market (Tan, et al., 2004). As the estimation of 
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transaction costs constitutes a strong challenge with regard to methodology and data requirements 

(Zhang, 2012), it was not in the scope of the present thesis. Even though differences in transaction 

costs may exist among the sampled farm households, the effects are considered negligible with 

regard to the studies’ results and overall conclusions. 

When looking at the implementation of GHG mitigation offsetting programs significant transaction 

costs are required. Those can include research costs, measurement costs, monitoring costs, 

administration costs, and other implementation costs of the policy (Bakam, et al., 2012). For a 

successful and target-oriented implementation of GHG mitigation policies additional research 

regarding local EFs is required to reduce the inherent uncertainty, as described above. This might 

increase transaction costs in the future as researchers would have to collect and analyze more data 

on field and farm level (Slee, et al., 2015). Regarding monitoring costs, administration cost, and 

implementation cost, those costs can play a significant role for the setting up and management of 

GHG mitigation measures. However, as those costs are usually borne by the governmental 

authorities, there should be limited effect on farm household income and comparative advantage of 

alternative mitigation policies from farmers’ point of view (Woerdman, 2001; OECD, 2003). In 

addition, the three N fertilization strategies demonstrated in chapter 4 are simple, household-

centered and practically applicable measures. Therefore the transaction costs of the proposed 

environmental improvement strategies may not differ greatly, and would thus not influence 

households’ decision making regarding the suitable strategy. As such, the potential differences in 

transaction cost on the producer side can be considered marginally, and thus do not affect the 

results and conclusions of chapter 4.  

Despite the diverse uncertainty inherent in this study, the results and conclusions generated from 

are clear and strong, fitting the purpose of this dissertation, which is to provide an integrated analysis 

for improving the sustainability of crop production in the NCP.  

 

5.2 Policy recommendations and research demand 

Despite the important goal of ensuring food security the Chinese government and society are more 

and more concerned about the environmental impact and economic issues of crop production in the 

NCP. Different improvement strategies were reviewed and discussed in the previous chapters. 

Obviously there is no single solution for achieving a shift towards more sustainable crop production 

in the NCP. Thus, in this section a more general view on future policy and research priority is 

elaborated. 



124 
 

5.2.1 N fertilizer-related policy implications 

The previous chapters highlighted the improvement potentials related to N fertilization. Apart from 

the GHG mitigation potentials and economic profitability improvement potentials existing with 

regard to improved N fertilizer management on farm level, additional mitigation potentials exist 

looking at the pre-embedded emissions during fertilizer production. Aiming to exploit the existing 

improvement potentials with regard to N fertilizer, a set of policies has been released by the Chinese 

government over the last decade, including the 12th five-year development plan for fertilizer industry 

(2011-2015), the program outline for national scientific and technological promotion in medium- and 

long-term (2006-2020), and the guidance catalogue for adjustment of industrial structure (2011). The 

frequently launched policies in the national agricultural and industrial sector emphasize the 

relocation of financial subsidies for fertilizer production to achieve a shift towards more efficient and 

hence more sustainable production and use of fertilizer in China. 

Since the 1950s China has employed fertilizer subsidies as a policy instrument to accelerate domestic 

food production. Nowadays, China still supports fertilizer production by extensive direct and indirect 

subsidization. The financial support encompasses roughly 7.46 billion USD per year, mainly through 

tax breaks and energy subsidies. Furthermore, China's fertilizer industry is fragmented in countless 

small regional producers, which are often characterized by low energy efficiency mainly caused by 

aged equipment (Zhang, et al., 2013; Ma, 2000). Moreover, energy subsidies are distributed to 

enterprises according to their individual energy consumption. Thus there are no incentives for the 

fertilizer industry to invest into energy-saving options and consequently GHG emission reducing 

measures (Zhou, et al., 2008b). 

However, in the course of China’s WTO accession a structural change can be observed in the national 

fertilizer markets. The enforcement of market-driven price mechanisms imposed strong pressure on 

the upgrading of the fertilizer industries’ equipment leading to a steady increase in energy efficiency, 

and thus a reduction in production costs and environmental impact (Zhu, et al., 2010). To accelerate 

this development, it is of vital importance to realize a shift from indirect subsidization via cheap (tax-

exempt) energy towards promotion of technological innovations (Zhou, et al., 2010). For the overall 

Chinese economy this approach would lead to optimized resource allocation and removal of highly 

energy-consuming enterprises from the market. 

With regard to the potentially saved financial resources by cutting indirect fertilizer subsidization, 

relocation towards promotion of improved fertilization technologies for farmers is another suitable 

option. Such technologies including deep placement and fertilization-irrigation integration 

(fertigation) technology have significant potential for GHG mitigation and economic cost reduction. 
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However, the required investments are often not affordable for farmers under current market 

conditions. Financial support for investments into such advantages technologies, which help to 

increase fertilizer use efficiency, might contribute to a more sustainable crop production in China.  

Moreover, advancement in political regulation and control of the fertilizer production and retail 

sector should be explored aiming to guarantee fertilizer quality. Political measures strengthening 

supervision of fertilizer quality, which is often not well controlled in the NCP (Khor, 2013), would help 

to avoid excessive use of fertilizer by farmers due to nutrient content uncertainty. Furthermore, 

removing subsidies may cause a slight increase in farmers’ fertilizer expenditure. However, due to 

the indirect subsidization, the fertilizer price in China has been kept at an artificially low level for a 

long time, with the farm price for urea in China being only around half the price than in the USA 

(Kahrl, et al., 2011). A modest price increase along with improved fertilizer quality will not be 

counterproductive for crop production in China. In fact it should motivate farmers to change from 

excessive towards efficient and sustainable use of fertilizers.  

 

5.2.2 Knowledge transfer and farmers’ training 

An old Chinese proverb says: “Giving a man a fish is good, teaching him how to fish is better”.  

Like in many developing countries educating farmers on how to deal with the complex interactions 

among cropping system, economic market and effect of climate change constitutes a huge challenge 

in China. As described in chapter 1, farmers’ general knowledge related to resource use efficiency 

and the environmental impact of crop production is very poor. Many authors and commentators 

mentioned that “from theory to field” is the “last kilometer” of household-level efficient use of input 

resource, advanced technological adoption, and rational market behavior in sustainable crop 

production in the NCP (e.g. You, et al., 2008; Guo, et al., 2015; Liu, et al., 2012; Liu, 2011). Looking at 

the shortcomings of current agricultural knowledge transfer in China, there are two major options in 

institutional change with strong potential to accelerate knowledge transfer to farm households: 

redefining the function of public extension service and bottom-up farmers’ training. However, certain 

institutional barriers exist and little research has been conducted and published on this issue. 

In the early decades after 1949, China’s top-down public agricultural extension systems played a 

significant role in promoting technical extension and supporting the national food security goal (Fan, 

2000; Huang, et al., 1996). However, due to its defined institutional character, the agricultural 

extension system of China tends to transfer technical information and engagement related to 

advanced agricultural production in a top-down manner. Farmers’ actual knowledge and 
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technological demand is not placed as major priority (Hu, et al., 2012). Another critical aspect 

evolved in the course of China’s overall economic reforms in the 1980s, with a series of agricultural 

reforms affecting the agricultural extension systems. During that times agricultural extension stations 

were encouraged by higher authorities to cover parts of their budgets by involving in agricultural 

input sales, including fertilizer and pesticide marketing (Wang, 1994). As one consequence the 

extension technicians’ energy and time available for actual extension activities and farmers’ training 

were strongly limited due to their economic obligations. Moreover, extension agents acting as farm 

consultants will hardly tend to recommend a reduction of farmers’ use of agro-chemicals, as this 

would negatively influence the extension agent’s sales revenues. Additionally, an effective 

motivation mechanism for extension experts in China is still missing and only about 20% of extension 

experts’ income is linked to their performance in extension service and activities (Huang, et al., 2009; 

Shen, et al., 2012). On the other side, to address the rapidly changing market conditions traditional 

small-scaled households were more often forced to change their production structure, which actually 

requires a diversified and flexible extension service (Klerkx, et al., 2008; Rivera, et al., 2001). The 

effectively increasing agricultural extension demand, both in quantity and quality, is facing the 

limited resources of the extension system, again with regard to quantity, i.e. number of technicians 

and quality, i.e. knowledge and training skills of the technicians. As part of redefining the institutional 

function of the extension service system, designing effective motivation mechanism for extension 

technicians and disconnecting commercial activities from routine extension work would significantly 

help to promote more sustainable agriculture in the NCP. Additionally improving extension staff’s 

skills and developing target-oriented high-quality extension programs, which serve the diversified 

extension requirements, are a key improvement area when reforming the extension service system 

in China (Hu, et al., 2012).   

The second important approach towards an improved knowledge transfer in Chinese agriculture is 

promoting bottom-up farmers’ training. Such training programs, which offer farmers structured 

learning opportunities aiming at expanding their capabilities to understand, innovate, and adapt to 

changing challenges is only sporadically tested and reported in China (Van den Berg, et al., 2007). 

Such approaches, for example farmer field schools (FFS) may significantly increase farmers’ decision 

making capacity to cope with agronomic and economic uncertainties related to farm and crop 

management under changing marketing and climatic conditions (Andersson, et al., 2001). The 

potential of participating in FFS to improve farmers’ skills has been reported for different settings 

and countries (e.g. Bunyatta, et al., 2006; Godtland, et al., 2004; Lund, et al., 2010; Siddiqui, et al., 

2012). For China, Guo et al. (2015) examined the effects of FFS on the knowledge acquisition by 

farmers in rice production systems. In their study farmers showed measurable improvements in 

knowledge of integrated low-carbon farm management. However, knowledge gains were not 
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consistent across all knowledge categories and population subgroups. This confirms the findings of 

chapter 2: recognizing the heterogeneity among farm households is crucial for developing adjusted 

training programs targeted at the specific requirements of the respective key population groups. 

Despite the general potential of bottom-up farmer training initiatives, one needs to recognize, that 

change in China traditionally comes from the top (IHOPE, 2014). As such, the implementation of 

bottom-up farmer-farmer-training schools may face certain challenges with regard to farmers’ 

willingness to participate and authorities’ interest to support such initiatives. Nevertheless, bottom-

up innovations are recognized by the Chinese government as increasingly important in different 

economic fields (Li, et al., 2015). Li et al. (2013) recommend a gradual shift from top-down towards 

bottom-up rural development initiatives. The group interactions in FFS, e.g. frequent discussions and 

mutual understanding among farmers may lead to the establishment of permanent mutual help 

schemes, as also recommended in chapter 2. Finally, the development of an effective bottom-up 

knowledge transfer system for farmers is not without cost and requires strong political commitment 

from central and local governments. 

 

5.2.3 Towards problem-oriented and interdisciplinary research 

As shown in the thesis’ general introduction, the research on sustainable agriculture in China strongly 

focuses on experimental (natural science) research. In comparison, survey based (social science and 

agricultural economics) research lack far behind regarding published studies. To overcome the 

aggravating problems of food production in the NCP, it will be of vital importance to more strongly 

consider the characteristics and behavior of farm households. To handle the complexity inherent in 

agricultural systems in general, and sustainable agricultural resource use in the NCP in specific, it will 

be crucial to initiate more cross-disciplinary research activities. Those collaboration activities need to 

span from data integration, linking of methods and models, and joint analysis to a common 

conceptualization of the problem situation (Liu, et al., 2007). Although interdisciplinary research 

provides huge opportunities for knowledge integration and problem solving capacities, 

interdisciplinary research is still underdeveloped in China. The generally and globally existing barriers 

towards successful interdisciplinary research are mostly even more pronounced in the Chinese 

scientific community. A major reason is the strong segmentation of research units into separate 

disciplines. Only very limited incentives exist for researchers with regard to tenure and promotion to 

engage in interdisciplinary cooperation (Stuart, et al., 2015). The career paths of Chinese academics 

largely depend on their results and outcomes in a specific disciplinary research field (Baruch, et al., 

2004). The research evaluation system strongly favors mono-disciplinary expertise over 
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interdisciplinary capacities. It is not designed to evaluate the achievements of individual academics 

from interdisciplinary research teams. Also with regard to public research funding, limited 

opportunities exists for interdisciplinary research. With the governments newly released shift in 

funding towards specific core science and the aim of promoting basic over applied research to boost 

innovations (Qiu, 2014), there is little improvement to be expected for interdisciplinary research in 

the short run. 

Another major barrier of interdisciplinary research is related to communication challenges across 

disciplines. Those challenges mainly evolve due to differences among disciplines in terminology (Roy, 

et al., 2013), methodology (Zhao, et al., 2006) and epistemology (Miller, et al., 2008). To overcome 

those challenges, it would be important to improve the interdisciplinary education in Chinese 

universities. This should involve the development of specific interdisciplinary courses, which involve 

teachers from various disciplinary backgrounds in a multidisciplinary curriculum approach. In 

addition, traditional curricula should try to include interdisciplinary perspectives pointing out 

potential linkages to neighboring disciplines, promoting the dialogue between different perspectives 

(Shi, 2004). A successful example of such an interdisciplinary training curriculum is the qualification 

program of the “Sino-German International Research Training Group on Sustainable Resource Use in 

the North China Plain” (IRTG, 2011). In this project, which consisted of 11 subprojects from a range of 

disciplines, including weed research, soil sciences, plant ecology, plant nutrition, physics, crop 

science, plant breeding, agricultural engineering, farm management, agricultural informatics and 

rural development policy, all young researchers were trained semiannually in intensive courses in the 

different specific disciplines. This allowed them to widen their scope and understanding of different 

disciplines’ research, and enabled them to place their specific topic and conceptual approach within 

the big picture of current science. Several graduates of the project nowadays work in Chinese and 

German higher education and research institutions, potentially contributing to interdisciplinary 

research and training within the field of sustainable natural resource management. Moreover it 

needs to be recognized that agricultural science, as a systems science in itself, has strong potential to 

act as a broker between different neighboring disciplines (e.g. economics, environmental science, 

hydrological science, etc) to help overcome pressing real world sustainability problems (Liu, et al., 

2013). 
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Questionnaire 问卷调查 

Questionnaire location 问卷地点: ______乡 (county)______村(village)   所属核心方名称 block name:___________ 

Date of interview 访问日期: ________                                Code of interviewer 访问者代码:_______                       

Contact information 被访问者的电话号码:___________________     Name 被访问者姓名:__________     

1. Basic information 基本信息 

1.1 Please describe your cultivated land resources in detail which is used for summer maize, winter wheat and cotton plantation in 2007 

and 2010. Please check attached field list in questionnaire of 2008. 请详细说明 2007 及 2010 年您的耕地中用于夏玉米, 冬小麦以

及棉花种植的地块。请对照 2008 年时问卷上的地块名单。 

1.2 Please describe exact farm marketing in your family. 请详细描述您的家庭经营总况。 

 2006 WW 

冬小麦 

2007 SM 

夏玉米 

2007 C 

棉花 

2009 WW 

冬小麦 

2010 SM 

夏玉米 

2010 C 

棉花 

Total yield (jin) 

总产量 (斤) 
      

2007 Sales 

income(¥) 

销售收入 

Main 

product

主产品 

By-

product 

副产品 

Main 

product

主产品 

By-

product 

副产品 

Main 

product

主产品 

By-

product 

副产品 

Main 

product

主产品 

By-

product 

副产品 

Main 

product

主产品 

By-

product 

副产品 

Main 

product

主产品 

By-

product 

副产品 

  

    

╳ ╳ ╳ ╳ ╳ ╳ 

 Area for winter wheat plantation(mu) 

(actually in 2006 and 2009)用于冬小麦种

植的面积(亩) (实际为 2006 和 2009 年) 

Area for summer maize 

plantation (mu) 用于夏玉米

种植的面积(亩) 

Area for cotton 

plantation(mu) 用于棉

花种植的面积(亩)  

If you have rent plots, how much you 

pay(¥/mu,a)? 如果您租赁了他人的

土地，每年每亩租金为(¥)? 

2007 
    

2010 
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2007 State 

subsidy(Cash+In-

kind subsidy)(¥) 

补贴(货币+实

物)(元) 

 

     

2007 other 

subsidies (CAU 

fertilizer subsidy)

其他类型补贴(农

大肥料补贴) 

 

     

2007 Tax and other 

fee (¥)税收及其他

费用支出(元) 
 

     

2010 Sales 

income(¥) 

销售收入(元) 

Main 

product

主产品 

By-

product 

副产品 

Main 

product

主产品 

By-

product 

副产品 

Main 

product

主产品 

By-

product 

副产品 

Main 

product

主产品 

By-

product 

副产品 

Main 

product

主产品 

By-

product 

副产品 

Main 

product

主产品 

By-

product 

副产品 

╳ ╳ ╳ ╳ ╳ ╳ 

      

2010 

Subsidy(Cash+In-

kind subsidy)(¥) 

补贴(货币+实

物)(元) 

 

     

2010 other 

subsidies (CAU 

fertilizer subsidy)

其他类型补贴(农

大肥料补贴) 

 

     

2010 Tax and other 

fee (¥)税收及其他

费用支出(元) 
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2. Cultivated land resources 耕地资源 

2.1 Do you deep plough your cotton, summer maize and winter wheat plots in last five years? □ Yes  □ No  

在过去的五年里，您是否对您家棉花，夏玉米和冬小麦地块进行过深耕? □ 是   □ 否      

If yes, please mention which year and month and before which crop sewing? _____(year, month)_____(crops) how deep is ploughed in 

your plots(cm)?   如果是，请说明哪一年哪一月以及在何种作物播种前？ 

第一次深耕（First-time deep plough）:___________（年月）以及________（作物）播种前， 深耕的深度为_____厘米。   

第二次深耕（Second-time deep plough）:___________（年月）以及________（作物）播种前， 深耕的深度为_____厘米。 

 

2.2 Have you applied no-tillage in your cotton, summer maize and winter wheat plots in last five years? □ Yes  □ No 

在过去的五年内，您是否对您家您是否对您家棉花，夏玉米和冬小麦地块进行过免耕播种? □ 是   □ 否      

If yes, please mention the beginning and ending time of no-tillage application. 如果是，请说明起止时间。 

起止时间 (Beginning and ending time):___________（年月,year and month）until (至) ___________（年月,year and month） 

 

2.3 Please describe soil preparation before sewing in winter wheat plots in 2006 and 2009.  请详细说明 2006 和 2009 年冬小麦田的播

前整地情况。 

 

2.4 Please describe soil preparation before sewing in summer maize plots.  请详细说明夏玉米田的播前整地情况。 

 Own combine to 

harvest summer 

maize and chop 

residue back to soil: 

Y (yes)/N (no) 是否

拥有玉米收割机和

秸秆还田机: Y (是)/ 

N (否) 

If you do not have 

combine and machine to 

chop residue, how much 

you pay to use rotary 

cultivator (¥/mu)? 如果

您自己没有收割机和秸

秆还田机， 一亩地使用

这些机械的花费(¥/亩) 

If you have combine to 

harvest summer maize and 

chop residue back to soil, how 

many liter of diesel you need 

for one mu plot (liter/mu)? 如

果您自己拥有玉米收割机和

秸秆还田机， 一亩地的柴油

油耗量(升/亩) 

Own rotary 

cultivator: 

Y (yes) / N 

(no) 是否

拥有旋耕

机: Y (是)/ 

N (否) 

If you do not have 

rotary cultivator, how 

much you pay to use 

rotary cultivator 

(¥/mu)?如果您自己

没有旋耕机，一亩地

使用旋耕机的花费
(¥/mu) 

If you have rotary 

cultivator, how many 

liter of diesel you 

need for one mu plot 

(liter/mu)? 如果您自

己拥有旋耕机，一

亩地的柴油油耗量

(升/亩) 

2006 
       

2009 
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2.5 Please describe soil preparation before sewing in cotton plots.  请详细说明棉花田的播前整地情况。 

 

2.6 Please describe labor usage in soil preparation of cotton, summer maize and winter wheat in 2006, 2007, 2009 and 2010.  

请描述您家 2006, 2007, 2009 和 2010 年种棉花，冬小麦，夏玉米时播前整地所用的劳动力花费。 

Labor usage 劳动力使用 2006 WW 冬小麦 2007 SM 夏玉米 2007 C 棉花 2009 WW 冬小麦 2010 SM 夏玉米 2010 C 棉花 

Hours in soil preparation (h) 

整地时每亩所用的小时数(h) 

      

Cost for each labor hour(¥/h) 

每小时劳动力价格 

      

 Own combine to 

harvest winter wheat 

and chop residue 

back to soil: Y 

(yes)/N (no)是否拥

有小麦收割机和秸

秆还田机: Y (是)/N 

(否) 

If you do not have 

combine and machine to 

chop residue, how much 

you pay to use rotary 

cultivator(¥/mu)? 如果您

自己没有收割机和秸秆

还田机，一亩地使用这

些机械的花费(¥/亩) 

If you have combine to 

harvest winter wheat and 

chop residue back to soil, 

how many liter of diesel you 

need for one mu plot 

(liter/mu)? 如果您自己拥有

小麦收割机和秸秆还田机，

一亩地的柴油油耗量(升/亩) 

Own rotary 

cultivator: 

Y (yes) / N 

(no) 是否

拥有旋耕

机: Y (是)/ 

N (否) 

If you do not have 

rotary cultivator, how 

much you pay to use 

rotary cultivator 

(¥/mu)? 如果您自己

没有旋耕机， 一亩

地租赁使用旋耕机的

花费(¥/mu) 

If you have rotary 

cultivator, how many 

liter of diesel you 

need for one mu plot 

(liter/mu)? 如果您自

己拥有旋耕机， 一

亩地的柴油油耗量

(升/亩) 

2007 
       

2010 
       

 If you don't have soil preparation machine and cotton plant puller, how much you 

pay to use soil preparation machine and cotton plant puller (¥/mu)? 如果您自己

没有整地机和拔棉柴机，一亩地租赁使用整地机和拔棉柴机的花费(¥/亩)? 

If you have soil preparation machine and cotton plant puller, how 

many liter of diesel you need for one mu plot (liter/mu)? 如果您

自己拥有整地机和拔棉柴机， 一亩地的柴油油耗量(升/亩)？ 

soil preparation machine 整地机 cotton plant puller 拔棉柴机 soil preparation machine 整地机 cotton plant puller 拔棉柴机 

2007 
    

2010 
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2.7 Residue handling 作物残余的处理 

 Please describe how you handle residue? 

请说明您如何处理作物残余？ 

If the residue is for selling 如果作物残余用于销售 

什么作物残余？
Which residue? 

干的还是新鲜的？
Fresh or dry residue? 

Price for 100jin 

每百斤的价格 

冬小麦
WW 

□  Back to 

soil 秸秆还田 

□ feed livestock  

喂家畜 

□ for cooking 

用来做饭 

□ for sale 

用于销售 

□ other____

其他_______ 

   

   

夏玉米
SM 

□  Back to 

soil 秸秆还田 

□ feed livestock  

喂家畜 

□ for cooking 

用来做饭 

□ for sale 

用于销售 

□ other____

其他_______ 

   

   

棉花 C □  Back to 

soil 秸秆还田 

□ feed livestock  

喂家畜 

□ for cooking 

用来做饭 

□ for sale 

用于销售 

□ other____

其他_______ 

   

   

 

3. Seed resources 种子资源 

 

3.1 Please explain detailed information about sowing methods. 请您对播种方式的细节做具体描述。 

 Own sowing machine: Y 

(yes) / N (no) 是否拥有

播种机: Y (是)/ N (否) 

If you have sowing machine, how many liter of 

diesel you need for one mu plot (liter/mu)? 如果您

自己拥有播种机，一亩地的柴油油耗量(升/亩) 

If you do not have sowing machine, how much you 

need to pay to use sowing machine (¥/mu)? 如果您自

己没有播种机，一亩地使用播种机的花费(¥/mu) 

2006 WW 

冬小麦 

   

2007 SM 

夏玉米 

   

2007 C 

棉花 

   

2009 WW 

冬小麦 

   

2010 SM 

夏玉米 

   

2010 C 

棉花 

   

 

3.2 Please describe seed usage of your plots in 2007 and 2010. 请您详细说明在 2007 及 2010 年您家地块的种子使用情况。 
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3.3 Please describe labor usage in sowing of cotton, summer maize and winter wheat in 2006, 2007, 2009 and 2010.  

请描述您家 2006, 2007, 2009 和 2010 年种棉花，冬小麦，夏玉米播种时所用的劳动力花费。 

Labor usage 劳动力使用 2006 WW 冬小麦 2007 SM 夏玉米 2007 C 棉花 2009 WW 冬小麦 2010 SM 夏玉米 2010 C 棉花 

Hours in seeding (h) 

播种时每亩所用的小时数(h) 

      

Cost for each labor hour(¥/h) 

每小时劳动力价格 

      

 Coated seed: 

Y(Yes) or 

N(No) 

是否为包衣种

子: Y(是) 或者

N(否) 

Seed 

origin 

(codeA) 

种子来源

(代码 A) 

Seed 

demand  

(jin/mu)

每亩播种

量(斤/亩) 

Delinted

seed or 

undelint

ed seed 

(only 

for 

cotton):

光籽还

是毛

籽:(仅

指棉花) 

Seed 

price(¥/jin)  

每斤种子

的价格(¥/

斤) 

Vehicles to 

buy seed 

(code B) 

购买种子的

交通方式

(代码 B) 

purchasing of  plastic film 塑料薄膜的购买 

Cost to buy 

plastic film 

(¥/mu) 

塑料薄膜的

费用(¥/亩) 

Purchase 

distance(

km) 

 购买距

离(公里) 

Energy demand  

采购所需的能源消耗 

Diesel 

(liter) 柴

油(升) 

Gasoline

(liter) 汽

油(升) 

Electri

city(¥) 

电(¥)  

2006 WW

冬小麦 

          

2007 SM

夏玉米 

          

2007 C 

棉花 

           

2009 WW

冬小麦 

   

╳ 

       

2010 SM

夏玉米 

   

╳ 

       

2010 C 

棉花 

           

A (1) order from extension services 通过科技小院定购 (2) bought from private dealer 从个体商人处

购买  (3)  bought from village seed station 从乡里统一供种处购买 (4) collected from own plots 自己

地里的产出 (5) others: 其他:_____ 

B (1) Bicycle 自行车 (2) Electric bicycle 电动自行车 

(3) Motorbike 摩托车 (4) tractor 拖拉机 (5) others: 其

他:_____ 
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4 Irrigation demand 灌溉情况 

4.1 Except electricity fee, do you need to pay extra for the water consumption in irrigation in 2006, 2007, 2009 and 2010? □ Yes  □ No    

      If Yes, which year(s) and how much for one consumption unit of water (¥)     

      除了电费，在 2006，2007，2009 以及 2010 年，您还需要额外为灌溉水本身支付费用吗?  □ 是   □ 否 若是，请您说明:  

      哪年? (Which year?) _____________________以及每单位水的价格：_______ (¥) 

      哪年? (Which year?) _____________________以及每单位水的价格：_______ (¥) 

 4.2 Please describe the detailed irrigation demand for winter wheat growing season in 2006 and 2009(do not consider rain water).  

      请详细说明 2006 和 2009 年冬小麦生产中的用水情况(不考虑当年降水)。 

Times in 

WW growing 

stages 冬小

麦生长期内

的次数 

Irrigation source 

(code A) 灌溉

来源 (代码 A) 

Estimated irrigation amount in 

each time (m3) 每次估计的灌

水量(立方米) 

electricity demand (kw.h/mu) or cost(¥/mu) 

for total irrigation amount in this period 该生

长期用电数量(度/亩)或者用电花费(¥/亩) 

Other irrigation cost (machine, pipe, 

materials e.g) (¥/mu) 其他灌溉花费

(机器，管道, 材料等) (¥/亩) 

2006-

2007 

2009-

2010 
2006-2007 2009-2010 2006-2007 2009-2010 2006-2007 2009-2010 

1 
        

2 
        

3 
        

4 
        

5 
        

A (1) deep well 深井 (2) shallow well 浅井 (3) surface water 地表水 (4) other 其它: ___ 

4.3 Please describe the detailed irrigation demand for summer maize growing season in 2007 and 2010(do not consider rain water).  

      请详细说明 2007 和 2010 年夏玉米生产中的用水情况(不考虑当年降水)。 

Times in SM 

growing 

stages 夏玉

米生长期内

的次数 

Irrigation source 

(code A) 灌溉

来源 (代码 A) 

Estimated irrigation amount in 

each time (m3) 每次估计的灌

水量(立方米) 

electricity demand (kw.h/mu) or cost(¥/mu) 

for total irrigation amount in this period 该生

长期用电数量(度/亩)或者用电花费(¥/亩) 

Other irrigation cost (machine, pipe, 

materials e.g) (¥/mu) 其他灌溉花费

(机器，管道, 材料等) (¥/亩) 

2007 2010 2007 2010 2007 2010 2007 2010 
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1 
        

2 
        

3 
        

4 
        

A (1) deep well 深井 (2) shallow well 浅井 (3) surface water 地表水 (4) other 其它: ___ 

4.4 Please describe the detailed irrigation demand for cotton growing season in 2007 and 2010(do not consider rain water).  

      请详细说明 2007 和 2010 年棉花生产中的用水情况(不考虑当年降水)。 

Times in 

Cotton 

growing stages 

棉花生长期内

的次数 

Irrigation source 

(code A) 灌溉

来源 (代码 A) 

Estimated irrigation amount in 

each time (m3) 每次估计的灌

水量(立方米) 

electricity demand (kw.h/mu) or cost(¥/mu) 

for total irrigation amount in this period 该生

长期用电数量(度/亩)或者用电花费(¥/亩) 

Other irrigation cost (machine, pipe, 

materials e.g) (¥/mu) 其他灌溉花费

(机器，管道, 材料等) (¥/亩) 

2007 2010 2007 2010 2007 2010 2007 2010 

1 
        

2 
        

3 
        

A (1) deep well 深井 (2) shallow well 浅井 (3) surface water 地表水 (4) other 其它: ___ 

4.5 Please describe labor usage in irrigation of cotton, summer maize and winter wheat in 2006, 2007, 2009 and 2010.  

请描述您家 2006, 2007, 2009 和 2010 年种棉花，冬小麦，夏玉米灌溉时所用的劳动力花费。 

Labor usage 劳动力使用 2006 WW 冬小麦 2007 SM 夏玉米 2007 C 棉花 2009 WW 冬小麦 2010 SM 夏玉米 2010 C 棉花 

Hours in irrigation (h) 

灌溉时每亩所用的小时数(h) 

      

Cost for each labor hour(¥/h) 

每小时劳动力价格 

      

5 Fertilizer application 肥料使用情况 
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5.1 Was fertilizer applied based on soil test in 2006-07 and 2009-10?  2006-2007: Yes / No   2009-2010: Yes / No 

     在 2006-07 年和 2009-10 年您的地块是否参与了测土配方施肥？2006-07 年：是/ 否   2009-10 年: 是 / 否  

5.2 If your plots attended fertilizer management based on soil test (CAU or national program), please describe which fertilizer is    

recommended to apply in your plots? 如果您家的地块是否参与过测土配方(中国农大科技小院或者国家测土配方施肥项目)，请

说明您被推荐使用的肥料名称____________________________ 

5.3 Please describe applied mineral fertilizer of winter wheat-summer maize rotation system in 2006 and 2007. 

      请详细描述 2006 和 2007 年冬小麦--夏玉米轮作体系内所使用的无机化肥。 

Application purpose of 

mineral fertilizer 无机

肥料的施肥目的 

Mineral fertilizer 

name  

无机肥料名称 

Effective contents (%) in mineral 

fertilizer 无机肥料有效成分的含量(%) 

Fertilizer 

origin 无机

肥料产地 

Total mineral fertilizer 

amount (jin/mu)无机

肥料的施肥量(斤/亩) 

Price of mineral 

fertilizer (¥/bag) 

肥料的价格(¥/袋) N 氮 P 磷 K 钾 

2006WW base fertilizer

冬小麦底肥 

       

2007 WW jointing 

stage's topdressing 

冬小麦拔节期追肥 

       

2007 WW earring 

stage's topdressing 

冬小麦穗期追肥 

       

2007 WW leaf fertilizer

冬小麦叶面肥 

       

2007 SM seed fertilizer

夏玉米种肥 

       

       

2007 SM seedling 

fertilizer 夏玉米苗肥 

       

2007 SM leaf fertilizer

夏玉米叶面肥 
 

      

2007 SM vegetative 

stage's topdressing 夏玉

米大喇叭口期追肥 

       

Note 注释: The organic fertilizer applied at the same time will be not included in this table. 随无机肥同时施入的有机肥不被统计进去。 
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5.4 Please describe applied mineral fertilizer of winter wheat-summer maize rotation system in 2009 and 2010. 

      请详细描述 2009 和 2010 年冬小麦--夏玉米轮作体系内所使用的无机化肥。 

Application purpose of 

mineral fertilizer 无机

肥料的施肥目的 

Mineral fertilizer 

name  

无机肥料名称 

Effective contents (%) in mineral 

fertilizer 无机肥料有效成分的含量(%) 

Fertilizer 

origin 无机

肥料产地 

Total mineral fertilizer 

amount (jin/mu)无机

肥料的施肥量(斤/亩) 

Price of mineral 

fertilizer 无机肥

料的价格 
N 氮 P 磷 K 钾 

2009WW base fertilizer

冬小麦底肥 

       

2010 WW jointing 

stage's topdressing 

冬小麦拔节期追肥 

       

2010 WW earring 

stage's topdressing 

冬小麦穗期追肥 

       

2010 WW leaf fertilizer

冬小麦叶面肥 

       

2010 SM seed fertilizer

夏玉米种肥 

       

       

2010 SM seedling 

fertilizer 夏玉米苗肥 
 

      

2010 SM leaf fertilizer

夏玉米叶面肥 

       

Note 注释: The organic fertilizer applied at the same time will be not included in this table. 随无机肥同时施入的有机肥不被统计进去。 

5.5 Please describe applied mineral fertilizer of cotton plantation in 2007 and 2010. 

请详细描述 2007 和 2010 年棉花种植体系内所使用的无机化肥。 

Application purpose of 

mineral fertilizer 无机肥

料的施肥目的 

Mineral fertilizer 

name  

无机肥料名称 

Effective contents (%) in mineral 

fertilizer 无机肥料有效成分的含量 (%) 

Fertilizer 

origin 无机

肥料产地 

Total mineral fertilizer 

amount (jin/mu)无机

肥料的施肥量(斤/亩) 

Price of mineral 

fertilizer 无机肥

料的价格 
N 氮 P 磷 K 钾 
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2006 basic fertilizer I 

基肥一 

       

2006 basic fertilizer II 

基肥二 

       

2007 bud fertilizer 蕾肥 
       

2007blossoming and boll-

forming fertilizer 花铃肥 

       

2009 basic fertilizer I 

基肥一 

       

2009 basic fertilizer II 

基肥二 

       

2010 bud fertilizer 蕾肥  
      

2010blossoming and boll-

forming fertilizer 花铃肥 

       

Note 注释: The organic fertilizer applied at the same time will be not included in this table. 随无机肥同时施入的有机肥不被统计进去。 

 

5.6 Please describe exactly how you apply fertilizer and you expenses of fertilizer applications in winter wheat and summer maize in 

2006-   07 和 2009-10.  请您描述您在 2006-07 和 2009-10 年度冬小麦夏玉米施用化肥方式以及施用化肥的花费情况。  

Application purpose of mineral 

fertilizer 无机肥料的施肥目的 

 

Applicatio

n method 

(code A) 

施肥方法  

(代码 A) 

Applying by 

hand (H) / with 

machine (M)? 手

工(H)或追肥机

(M)施肥？ 

Whether you own machine to apply fertilizer? 您是否拥有施肥所用的机器？ 

If not, how much you pay 

for use machine (¥/mu) 如

果没有机器，您租用施

肥机的成本(¥/亩) 

If yes, please describe energy demand to use your own 

machine?  如果有，请您描述具体的能源消耗 

Diesel (liter/mu) 

柴油(升/亩) 

Gasoline(liter/mu)  

汽油(升/亩) 

Electricity(¥/

mu) 电(¥/亩)  

2006 WW base fertilizer 

冬小麦底肥 

      

2007 WW jointing stage's topdressing

冬小麦拔节期追肥 

      

2007 WW earring stage's topdressing

冬小麦穗期追肥 
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2007 WW  leaf fertilizer 

冬小麦叶面肥 

      

2007 SM seed fertilizer 

夏玉米种肥 

      

2007 SM seedling fertilizer 

夏玉米苗肥 

      

2007 SM leaf fertilizer 

夏玉米叶面肥 

      

2009 WW base fertilizer 

冬小麦底肥 

      

2010 WW jointing stage's topdressing

冬小麦拔节期追肥 

      

2010 WW earring stage's topdressing

冬小麦穗期追肥 

      

2010 WW  leaf fertilizer 

冬小麦叶面肥 

      

2010 SM seed fertilizer 

夏玉米种肥 

      

2010 SM seedling fertilizer 

夏玉米苗肥 
 

     

2010 SM leaf fertilizer 

夏玉米叶面肥 
 

     

 A (1) cover application with soil 深施入土 (2) mix with irrigation water 随灌溉水冲施 (3) spray liquid fertilizer 喷洒液态肥料 (4) top dressing 撒施肥料 (5) 

apply fertilizer in hole or in band near plants 在植株旁穴施或条施 (6) other 其他_______ 

 

5.7 Please describe exactly how you apply fertilizer and you expenses of fertilizer application in cotton in 2007 and 2010.  

     请您描述您 2007 年和 2010 年棉花种植中施用化肥方式以及施用化肥的花费情况。  

Application purpose of 

mineral fertilizer 无机肥

料的施肥目的 

 

Application 

method 

(code A) 施

肥方法  

(代码 A) 

Applying by 

hand (H) / with 

machine (M)? 

手工(H)或追肥

机(M)施肥？ 

Whether you own machine to apply fertilizer? 您是否拥有施肥所用的机器？ 

If not, how much you pay 

for use machine (¥/mu) 

如果没有机器，您租用

施肥机的成本(¥/亩) 

If yes, please describe energy demand to use your own machine?  如果

有，请您描述具体的能源消耗 

Diesel (liter/mu) 柴油

(升/亩) 

Gasoline(liter/mu)  汽

油(升/亩) 

Electricity(¥/mu) 

电(¥/亩)  
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2006 basic fertilizer 

基肥 

      

2007 bud fertilizer 蕾肥 
      

2007blossoming and boll-

forming fertilizer 花铃肥 

      

2009 basic fertilizer 

基肥 

      

2010 bud fertilizer 蕾肥 
      

2010blossoming and boll-

forming fertilizer 花铃肥 

      

 A (1) cover application with soil 深施入土 (2) mix with irrigation water 随灌溉水冲施 (3) spray liquid fertilizer 喷洒液态肥料 (4) top dressing 撒施肥料 (5) 

apply fertilizer in hole or in band near plants 在植株旁穴施或条施 (6) other 其他_______ 

5.8 Please describe applied organic fertilizer in your plots in 2007 and 2010 (Perhaps more than one, please describe one by one in one 

row).请详细描述您家地块上所使用的农家肥 (可能不止一种，请在单行内一一列举) 。 

Applicati

on of  

organic 

fertilizer

农家肥

的施用 

Organic  

fertilizer's 

animal 

origin 

农家肥家

畜来源 

Wet or dry 

organic 

fertilizer? 农

家肥是干的

还是湿的？ 

Total organic 

fertilizer 

amount 

(m
3
/mu) 农家

肥的施肥量

(立方/亩) 

Price of 

organic  

fertilizer(

¥/m
3
)农家

肥的价格

(¥/立方) 

Applying by 

hand(H)/ma

chine(M)? 

手工(H)或

机械(M)施

肥？ 

Applicatio

n method 

(code A) 

施肥方法 

(代码 A) 

Vehicles to 

buyfertilizer 

(code B) 购

买农家肥的

交通方式 

(代码 B) 

Ppurcha

sing 

distance

(km) 购

买距离

(公里) 

Energy demand  能源消耗 

Diesel 

(liter/mu) 

柴油(升/

亩) 

Gasolin

e(liter/m

u)  汽油

(升/亩) 

Electricit

y(¥/mu) 

电(¥/亩)  

2006  

冬小麦 

  

 

         

2007  

夏玉米 

           

2007 

棉花 

           

2009 

冬小麦 
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2010  

夏玉米 

           

2010 

棉花 

           

 A (1) cover application with soil 深施入土 (2) mix with irrigation water 随灌溉水冲施 (3) 

spray liquid fertilizer 喷洒液态肥料 (4) top dressing 撒施肥料 (5) apply fertilizer in hole 

or in band near plants 在植株旁穴施或条施 (6) other 其他_______ 

B (1) tractor 拖拉机 (2) deliver goods to the customer's door

送货上门 (3) wooden handcart 板车 (4) others: 其他:_____ 

5.9 If organic fertilizer you applied was made in your own farm in 2007 and 2010, Please describe materials demand to produce one 

ton organic fertilizer by yourself in 2007 and 2010.    

如果 2007 和 2010 年您所用的农家肥是您自己沤制的，请您详细描述 2007 和 2010 年时自己制作一吨农家肥料时所需的材料。 

Demands for 

one ton organic 

fertilizer 一吨

农家肥所需 

Straw 

(kg) 

秸秆

(千克) 

Manure 

origin 

animal 农家

肥家畜来源 

Manure amount 

(ton or m
3
)  家

畜粪便(吨或立

方) 

Manure from your 

biogas plant: yes or 

no 粪便来自自己沼

气池：是 或者 不是 

Fine soil 

(kg)细

土(千

克) 

Water 

(kg) 

水 

(千克) 

Degradatio

n agent 

(kg) 腐熟

剂(千克) 

fertilizer 

A (kg)化

肥 A (千

克) 

Fertilizer 

B (kg)化

肥 B (千

克) 

Other 

materials 

(kg) 其他

材料(千克) 

2007 
          

2010 
          

5.10 Please describe total labor usage in fertilizer application (mineral and organic fertilizers) of cotton, summer maize and winter 

wheat in 2006, 2007, 2009 and 2010.  

请描述您家 2006, 2007, 2009 和 2010 年种棉花，冬小麦，夏玉米施用肥料时(无机和有机肥料)所用的劳动力总花费。 

Labor usage 劳动力使用 2006 WW 冬小麦 2007 SM 夏玉米 2007 C 棉花 2009 WW 冬小麦 2010 SM 夏玉米 2010 C 棉花 

Hours in fertilizer application 

in one mu in every year  (h/mu) 

施用肥料时每年每亩所用的

总小时数(h/亩) 

      

Cost for each labor hour(¥/h) 

每小时劳动力价格 

      

6 Agricultural chemicals (agrichemicals) application 农药使用情况 

6.1 Please describe detailed information of agricultural chemicals in winter wheat plantation in 2009-2010.  

请您详细描述 2009-2010 年在冬小麦种植中农药施用的详细情况。  
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Application times 施用次数 Agrichemicals

' name and  

brand 农药名

称和品牌名 

Agriche

micals' 

origin 农

药产地 

Agrichemicals

' price(¥/mu)

所用农药的

价格(元/亩) 

Agrichemicals’ 

total amount 

(kg/mu)  农药总

施用量(千克/亩) 

If your sprayer is not manual, please mention energy 

demand 如果您的喷雾器不是手动的，请说明能量消耗 

Diesel (liter/mu) 

柴油(升/亩) 

Gasoline(liter/mu

)  汽油(升/亩) 

Electricity(¥/mu) 

电(¥/亩)  

Soaked seed before seeding

播前拌种 

       

2009 before winter 

冬前 

1 
       

2        

2010 Feb & March 

二月和三月 

1 
       

2 
       

2010 plant growth regulator 

植物生长调节剂 

       

2010 April & May 

四月和五月 

1 
       

2 
       

3 
       

4 
       

5 
       

Other agrichemicals or 

plant growth regulator 

其他农药或者生长调

节剂 

1 
       

2 
       

6.2 Please describe detailed information of agricultural chemicals in summer maize plantation in 2010.   

请您详细描述 2010 在夏玉米种植过程中农药施用的详细情况。 
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Application times 施用次

数 

Agrichemicals

' name 农药名

称 

Agrichemi

cals' origin

农药产地 

Agrichemic

als' price (¥)

所用农药的

价格(元) 

Agrichemicals’ 

total amount 

(kg/mu)  农药总

施用量(千克/亩) 

If your sprayer is not manual, please mention energy 

demand 如果您的喷雾器不是手动的，请说明能量消耗 

Diesel (liter/mu) 

柴油(升/亩) 

Gasoline(liter/mu

)  汽油(升/亩) 

Electricity(¥/mu) 

电(¥/亩)  

Soaked seed before seeding

播前拌种 

       

2010June before 

emerging 六月出苗

前 

1 
       

2        

2010 June in 

seedling stage 

六月苗期 

1 
       

2 
       

2010 Aug. & Sep.  

八月九月大喇叭口

期 

1 
       

2 
       

3 
       

4 
       

5 
       

6 
       

 

6.3 Please describe detailed information of agricultural chemicals in cotton plantation in 2010.   

请您详细描述 2010 年棉花种植过程中农药施用的详细情况。 

Application times 施用次

数 

Agrichemicals

' name 农药名

称 

Agrichemi

cals' origin

农药产地 

Agrichemic

als' price (¥)

所用农药的

价格(元) 

Agrichemicals’ 

total amount 

(kg/mu)  农药总

施用量(千克/亩) 

If your sprayer is not manual, please mention energy 

demand 如果您的喷雾器不是手动的，请说明能量消耗 

Diesel (liter/mu) 

柴油(升/亩) 

Gasoline(liter/mu

)  汽油(升/亩) 

Electricity(¥/mu) 

电(¥/亩)  
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Soaked seed before seeding

播前拌种 

       

2010June before 

emerging 六月出苗

前 

1 
       

2        

2010 June in 

seedling stage 

六月苗期 

1 
       

2 
       

2010 bud stage 

蕾期 

1 
       

2 
       

3 
       

2010 blossoming 

and boll-forming 

fertilizer 花铃期 

1 
       

2 
       

3 
       

 

6.4 Please describe detailed information of agricultural chemicals in cotton plantation in 2007.   

     请您详细描述 2007 年棉花种植过程中农药施用的详细情况。 

Application times 施用次

数 

Agrichemicals

' name 农药名

称 

Agrichemi

cals' origin

农药产地 

Agrichemic

als' price (¥)

所用农药的

价格(元) 

Agrichemicals’ 

total amount 

(kg/mu)  农药总

施用量(千克/亩) 

If your sprayer is not manual, please mention energy 

demand 如果您的喷雾器不是手动的，请说明能量消耗 

Diesel (liter/mu) 

柴油(升/亩) 

Gasoline(liter/mu

)  汽油(升/亩) 

Electricity(¥/mu) 

电(¥/亩)  

Soaked seed before seeding

播前拌种 

       

2010June before 1 
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emerging 六月出苗

前 
2        

2010 June in 

seedling stage 

六月苗期 

1 
       

2 
       

2010 bud stage 

蕾期 

1 
       

2 
       

3 
       

2010 blossoming 

and boll-forming 

fertilizer 花铃期 

1 
       

2 
       

3 
       

6.5 Please describe total labor usage in agriculture chemicals application and weed control in your plots.  

    请描述您家地块施用农药和进行杂草管理时所用的劳动力总花费。 

Labor usage 劳动力使用 2006 WW 冬小麦 2007 SM 夏玉米 2007 C 棉花 2009 WW 冬小麦 2010 SM 夏玉米 2010 C 棉花 

Hours in agrichemicals application in 

one mu in every year  (h/mu) 施用农药

每年每亩所用的总小时数(h/亩) 

      

Hours in weed control manually in one 

mu in every year  (h/mu) 人工除草(中耕

划锄)每年每亩所用的总小时数(h/亩) 

      

Cost for each labor hour(¥/h) 

每小时劳动力价格 

      

       
7 Harvest, Airing and selling 收获，晾晒和销售 

7.1 夏玉米收获 summer maize harvest 
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7.2 冬小麦收获 Winter wheat harvest 

 Application by Type of Energy demand  能源消耗 Expenditure for using Profit for borrowing Labor usage in 

Summer Maize 

夏玉米 

Application by 

hand (H) / with 

machine (M)

手工(H)或机

械(M)施用 

Type of 

machinery 

(code A) 机

械设备的类

型(代码 A) 

Energy demand  能源消耗 Expenditure for 

using machines 

from others (¥/mu) 

使用他人机器的费

用(元/亩) 

Profit for borrowing 

machines to others 

(¥/mu) 将机器租赁

给他人所得利润(元

/亩) 

Labor usage in 

every year  (h) 

进行收获各步

骤时所用的小

时数(h) 

Diesel 

(liter/mu

) 柴油

(升/亩) 

Gasolin

e(liter/m

u)  汽油

(升/亩) 

Electricity

(¥/mu) 电

(¥/亩)  

Cob harvest 

玉米棒收获 

2007 
        

2010 
        

Crop residue 

back to soil 

秸秆返田 

2007 
        

2010 
        

Transport to 

airing place

运至晾晒点 

2007 
        

2010         

Remove 

husks 

去玉米皮 

2007 
        

2010 
        

Threshing 

脱粒  

2007 
        

2010 
        

Packing and 

sell 打包及

销售 

2007 
        

2010         

A (1)combine 联合收割机 (2) shredder machine 粉碎机 (3)four-wheel tractor 四轮拖拉机 (4)three-wheel tractor 三轮拖拉机 (5) two-wheel tractor 

手扶拖拉机 (6) threshing machine 脱粒机 (7)others, please explain it in table 其他,请在表内详细说明 
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Winter wheat 

冬小麦 

hand (H) / 

with machine 

(M)手工(H)或

机械(M)施用 

machinery 

(code A) 机

械设备的类

型(代码 A) 

Diesel 

(liter/m

u) 柴油

(升/亩) 

Gasolin

e(liter/m

u) 汽油

(升/亩) 

Electrici

ty(¥/mu

) 电(¥/

亩)  

machines from others 

(¥/mu) 使用他人机

器的费用(元/亩) 

machines to others 

(¥/mu) 将机器租赁

给他人所得利润(元/

亩) 

every year  (h) 

进行收获各步

骤时所用的小

时数(h) 

Harvest 

收获 

2007 
        

2010 
        

Cutting crop 

residue  

粉碎秸秆 

2007 
        

2010 
        

Transport to 

airing place

运至晾晒点 

2007 
        

2010         

Remove 

husks 

and airing

去麦麸及晾

晒 

2007 
        

2010 
        

Threshing 

脱粒  

2007 
        

2010 
        

Packing and 

sell 打包及

销售 

2007 
        

2010 
        

A (1)combine 联合收割机 (2) shredder machine 粉碎机 (3)four-wheel tractor 四轮拖拉机 (4)three-wheel tractor 三轮拖拉机 (5) two-wheel tractor 手扶

拖拉机 (6) threshing machine 脱粒机 (7)others, please explain it in table 其他,请在表内详细说明 

7.3 棉花收获 Cotton harvest 
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Cotton 

棉花 

Application by 

hand (H) / with 

machine (M)

手工(H)或机

械(M)施用 

Type of 

machinery 

(code A) 机

械设备的类

型(代码 A) 

Energy demand  能源消耗 Expenditure for 

using machines 

from others (¥/mu) 

使用他人机器的

费用(元/亩) 

Profit for borrowing 

machines to others 

(¥/mu) 将机器租赁

给他人所得利润(元

/亩) 

Labour usage in 

every year  (h) 

进行收获各步

骤时所用的小

时数(h) 

Diesel 

(liter/mu) 

柴油(升/

亩) 

Gasoline(

liter/mu)  

汽油(升/

亩) 

Electricit

y(¥/mu) 

电(¥/亩)  

Harvest 

收获 

2007 
        

2010 
        

Cutting 

crop 

residue  

粉碎秸秆 

2007 
        

2010 
        

Transport to 

airing place

运至晾晒

点 

2007 
        

2010 
        

Remove 

husks 

and airing

去皮及晾

晒 

2007 
        

2010 
        

Threshing 

脱粒  

2007 
        

2010 
        

Packing 

and sell 打

包及销售 

2007 
        

2010 
        

A (1)combine 联合收割机 (2) shredder machine 粉碎机 (3)four-wheel tractor 四轮拖拉机 (4)three-wheel tractor 三轮拖拉机 (5) two-wheel tractor 手扶

拖拉机 (6) threshing machine 脱粒机 (7)others, please explain it in table 其他,请在表内详细说明 
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8.  Purchase and cost of agricultural machines 农业机械的购置与花费  

 Own 

num

ber 

拥有

数量 

Purcha

sing 

year 购

买的年

份 

Buying 

price(¥at 

that time) 

当时购买

的价格(¥) 

Capital sources 资金来源 Estimated 

life 

time(years) 

预计使用

寿命(年) 

Power 

output(kw

)机器的

功率(千

瓦) 

Average 

maintenance 

cost(¥/year)每

年平均的维

修成本(¥/年) 

Own 

capital 

(¥)自有

资金(¥) 

Fiscal 

subsidy 

(¥) 农机

补贴(¥) 

Loan 贷款或借款 

loan 

amount (¥)

数量(¥) 

interest 

rate (%)

利率(%) 

Combine 

联合收割机 

          

shredder machine  

秸秆粉碎机 
          

four-wheel tractor 

四轮拖拉机 
          

three-wheel tractor

三轮拖拉机 
          

two-wheel tractor 

手扶拖拉机 
          

 threshing machine

脱粒机 
          

motorbike 摩托车           

electricity bicycle  

电动自行车 

          

knapsack sprayer  

背负式喷雾器 
          

fertilizer topdressing 

machine 追肥机  

          

Cotton press 

machine 棉花打包机 

          

plastic sheeting 

machine 地膜覆盖机 
          

Other machine  

其他机器 
          


